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ABSTRACT
The lithium-ion battery is currently the most widely used electrochemical storage
system on the market, with applications ranging from portable electronics to electric
vehicles, to aerospace. In order to satisfy the growing demand for higher-energy and
higher-power-density batteries, dramatic improvements are required. In this doctoral
work, a strategy of using facile, scalable, and low-cost methods to synthesize
nanostructured electrode materials was applied. The electrode materials that were
investigated are of high capacity, and they include germanium, germanium oxide,
tin-antimony, molybdenum dioxide, and vanadium pentoxide. Carbon allotropes such
as amorphous carbon, graphene, and carbon nanotubes were also introduced into the
electrode materials to form composites. The as-synthesized composite electrode
materials were characterised in terms of their physical properties and their
electrochemical lithium storage performance. The effects of the nanostructured
composite materials towards improvement of lithium storage properties were also
investigated.

A facile synthesis method was used to prepare germanium/carbon composite. Simple
hydrolysis was used to prepare the precursor germanium dioxide nanoparticles, and
then simultaneous carbon coating and the thermal reduction method were applied to
form self-assembled clustered germanium/carbon composite. The clustered Ge/C
nanostructure displayed good cycling stability at the 0.2 C rate (0.32 A/g) for over 50
cycles and at the 1 C rate (1.6 A/g) for over 120 cycles. Surprisingly, the clustered
Ge/C shows exceptionally high rate capability up to the 40 C rate (64 A/g). The
relationship between the morphology of the nanostructure and the electrochemical
properties was studied. When the germanium dioxide nanoparticles were partially
v

reduced, GeO2/Ge/C was formed. The GeO2/Ge/C composite showed high capacity
of up to 1860 mAh/g and 1680 mAh/g at the 1 C (2.1 A/g) and 10 C rates,
respectively. This good electrochemical performance is related to the fact that the
elemental germanium nanoparticles present in the composite increase the
reversibility of the conversion reaction of GeO2. These factors have been found
through investigating and comparing GeO2/Ge/C, GeO2/C, nanosized GeO2, and bulk
GeO2.

SnSb/graphene porous three-dimensional composite with dual buffering capability
was prepared by an in situ chemical reduction of SnCl2, SbCl3, and graphene oxide
prepared using a modified Hummers’ method. Field emission scanning electron
microscope and transmission electron microscope images show that the SnSb
nanoparticles are distributed homogenously across the surface of the graphene sheets,
and some are also found to be trapped in the corrugated graphene structure. The
SnSb/graphene composite delivered 688 mAh/g at the 2nd cycle (compared to a
calculated theoretical value of 768 mAh/g) and showed good capacity retention of
420 mAh/g after 100 cycles. A reaction model to explain the dual buffering effects of
SnSb/graphene composite as anode material for lithium insertion and extraction has
been proposed. Graphene/molybdenum dioxide composites in several ratios were
also prepared through a facile synthesis method. Depending on the ratio, the assynthesized composites consist of either 2-dimensional graphene sheets with MoO2
particles anchored to them or a clustered agglomerate morphology. The sample with
highest amount of MoO2 (78 wt%) displayed the most promising lithium storage
properties, with stable cycling performance at 0.2 A/g that shows negligible capacity
loss over 50 cycles, retaining a capacity of 640 mAh/g. The rate capabilities were
vi

also tested and showed a capacity of 380 mAh/g at 2.0 A/g, which is comparable to
the theoretical capacity of graphite and previously reported work on similar
materials.
Free-standing and flexible V2O5 films have been prepared by filtration of ultra-long
nanowires synthesised via the hydrothermal technique. In order to improve the
conductivity of the films, multiwalled carbon nanotubes (MWCNTs) were added to
the V2O5 nanowires to form an integrated web-like structure. The free-standing and
flexible film electrodes exhibited good rate capability and excellent cycling
performance, with capacity of 140 mAh/g, even after 50 cycles at 1.7 C in the
voltage range of 2.5-4.0 V. The superior reversible lithium storage capability can be
attributed to the fully reversible phase transition of α-V2O5 through to δ-LiV2O5,
good lithium diffusion in V2O5, and increased electronic conductivity and electrolyte
diffusion from the incorporated MWCNT web. Layer-structured V2O5·nH2O xerogel
was synthesized via a simple, environmentally friendly hydrothermal technique by
dissolving commercial V2O5 powder in de-ionized water and hydrogen peroxide.
Graphene-V2O5·nH2O xerogel composites were then prepared by mixing and
filtration of as-prepared V2O5·nH2O xerogel and graphene in the desired ratio.
Increasing the graphene content in the composites resulted in better cycling stability.
The initial and the 50th discharge capacities of the composite with 39.6% graphene
were 212 and 190 mAh g-1 in the voltage range of 1.5- 4.0 V, and the capacities were
143 and 163 mAh g-1 when cycled between 2.0 and 4.0 V, respectively. The
outstanding electrochemical performance could be attributed to the unique structure
and morphology induced by the graphene.
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1 INTRODUCTION
“Climate change” due to the effects of greenhouse emissions has been increasingly
evident as unpredictable weather patterns have struck every part of the world. This
has led to awareness among global citizens of the importance of reducing greenhouse
gases, especially carbon dioxide. One method to reduce our carbon footprint is to
implement renewable energy resources to replace our current over reliance on fossil
fuels. Various forms of renewable energy, such as wind, wave, and solar power, are
excellent candidates for grid power generation. Another method is to replace the
combustion engines of vehicles with electric motors. This method will be very
effective in reducing emissions because vehicles account for the largest emissions of
greenhouse gases into the atmosphere. Both these methods require energy storage
systems, as the energy production of wind, wave, and solar power farms is
intermittent, while electric motors rely on portable power sources.

The lithium-ion battery is the primary candidate for this energy storage because it has
several advantages compared to competing energy storage systems (fuel cells,
capacitors, and other batteries). Among them, are higher energy density, higher
power density, long cycle life, low (or no) self-discharge, and no memory effect. The
reliability of lithium-ion batteries is proven from their great success in the portable
electronics market since their introduction two decades ago. There is still much room
for improvement in lithium-ion battery technology, however. One example is the
energy density, as lithium-ion battery-powered vehicles still fall short of the travel
distance provided by a full tank of gasoline. Safety is also another issue that needs to
be improved, because a thermal runaway in a vehicle battery pack will have
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significant consequences. Compared to portable electronics, large-scale lithium-ion
batteries have to be cost effective. The current technology uses cobalt as electrode
material, which is costly and not a viable option for power grid storage or electric
vehicles.

The research and development of lithium-ion batteries which have been reported in
published articles in recent years are mainly focused in several general directions: 1)
synthesis of new electrode materials and characterization of their intrinsic properties,
such as reaction mechanism, crystallography, and electrochemical performance,
through experimental and theoretical methods; 2) improving existing and developing
new methods for the synthesis of current known electrode materials, methods which
can reduce energy consumption and use greener raw materials; 3) improving the
electrochemical performance of current electrode materials through nanostructured
materials, elemental doping, surface coatings, new high performance binders, and
electrolyte additives; 4) designing new electrode and cell assembly technology to
cater for new applications, such as flexible electrodes, transparent electrodes, wiretype cells, and micro/nano batteries.

In this doctoral work, the general objective is to improve the electrochemical
performance of lithium-ion batteries through nanotechnology. This is achieved
through synthesis of nanostructured electrode materials, physical characterization,
and understanding the electrochemical performance in relation to the structure and
morphology of the material. The specific aims of this doctoral work are outlined as
follows: 1) Studying alternative electrode materials with high capacity, such as
germanium, tin-antimony, molybdenum oxides, and vanadium oxides. 2) Studying
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the electrochemical performance of high capacity electrode materials by
incorporating carbon allotropes such as partially graphitic carbon, graphene and
carbon nanotubes. 3) Synthesis of nanostructured electrode materials using facile,
low-cost, and scalable methods, such as wet chemical methods, the hydrothermal
method, and chemical vapour deposition. 4) Physical characterization of the
nanomaterials using techniques such as powder X-ray diffraction (XRD), Raman
spectroscopy, field-emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), etc. 5) Electrochemical characterization, such as with
galvanostatic charge/discharge tests, and cyclic voltammetry, of the nanomaterials
using coin-type half cells.

A brief overview of the chapters in this thesis:

Chapter 2 presents an extensive literature review on lithium-ion batteries, including
the background and history of batteries, the working mechanisms of lithium-ion
batteries, prospects and challenges, and a review of the literature on the electrode
materials. Chapter 3 present the overall experimental procedures, the chemicals used,
synthesis techniques, and physical and electrochemical characterization methods.

Chapters 4 and 5 present high capacity germanium-based anode material. These two
chapters demonstrate the use of a facile, scalable, and low-cost synthesis technique to
prepare high performance electrode materials. The wet chemical hydrolysis method
was used to prepare germanium dioxide with nanometer sized dimensions (< 100
nm). Then, simultaneous carbon coating and reduction or partial reduction, using
acetylene and hydrogen gas in a horizontal tube furnace, produced various
3

germanium based carbon composites. Germanium/carbon composite (Chapter 4)
shows excellent cycling and rate performance (up to 40 C) as anode material for the
lithium-battery. A capacity of 360 mAh/g was retained after 100 cycles at the rate of
40 C, which is comparable to the theoretical capacity of graphite. Germanium
oxide/germanium/carbon composite (Chapter 5) is an interesting new high capacity
material. Investigation into the reversible conversion reaction of germanium oxide
and the catalytic behaviour of elemental germanium in the composite is the main
focus of this chapter. The conversion reaction and the effects of elemental
germanium were studied using ex situ X-ray photoelectron spectroscopy (XPS). In
addition, the germanium oxide/germanium/carbon composite shows excellent
cycling behaviour at 10 C, retaining 1500 mAh/g after 50 cycles.

Chapters 6 and 7 are studies of the effects of graphene on the electrochemical
performance of tin-antimony and molybdenum dioxide, respectively. In Chapter 6,
tin-antimony/graphene composite was synthesized using a simultaneous chemical
reduction of the precursors, tin chloride, antimony chloride, and graphene oxide. This
synthesis method was found to be beneficial towards the electrochemical
performance of the composite electrode. The graphene oxide provides anchoring
sites for the metal ions, which protects the nanoparticles from agglomeration. The
SnSb/graphene composite showed the best cycling performance when compared to
SnSb nanoparticles and SnSb nanoparticles mechanically mixed with graphene. In
Chapter 7, a series of molybdenum oxide/graphene composites was synthesized by
thermal reduction of a sol-gel consisting of phosphomolybdic acid and graphene
oxide. The effects of the ratio of graphene to molybdenum oxide on the morphology
and the electrochemical performance were investigated. When the ratio of the
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molybdenum precursor to the graphene oxide was equal to or less than one,
molybdenum oxide nanoparticles of less than 3 nm were found to be anchored on the
graphene sheets. Larger particles were found when the ratio of molybdenum
precursor to graphene oxide was higher. The sample with the highest molybdenum
content showed the highest capacity, while the sample with the highest graphene
content showed the best capacity retention at higher rates.

Chapters 8 and 9 investigate vanadium pentoxide as cathode material for lithium-ion
batteries. Vanadium oxide nanowires were synthesized using the hydrothermal
method in Chapter 8. Multiwalled carbon nanotubes were mixed with the nanowires
in several ratios to form free-standing electrodes using vacuum filtration. This freestanding cathode shows stable cycling with negligible capacity fading and good rate
performance up to 6.7 C. In Chapter 9, vanadium oxide xerogels were synthesized
using the same hydrothermal method reported in Chapter 8, with lower reaction
temperature. Graphene was added to the nanoribbon-like vanadium oxide xerogel
solution to form a homogenous solution. Suction filtration was used to form the
vanadium oxide/graphene composite in several ratios. The composites were
investigated for their electrochemical performance over different voltage windows.
The performance of the composite was poorest when the potential window was 1.5 V
to 4 V, which is due to the formation of ω-Li3V2O5 phase. The composite with the
highest graphene content showed the best electrochemical performance.

Chapter 10 contains the summary and conclusions of this thesis. Future directions
and the outlook for lithium-ion battery research are also discussed.
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2 LITERATURE REVIEW
2.1

Lithium-ion Batteries

Lithium-ion batteries have been the key component in portable electronics, power
tools, laptop computers, and telecommunication devices since they were first
commercialised by Sony in the early 1990s. [1-3] Today, lithium-ion batteries remain
the main power source for these devices due to their many advantages over other
competing battery systems, such as nickel-cadmium, lead acid, sodium-sulphur,
sodium-metal chloride and nickel-metal hydride (Figure 2.1). First of all, lithium-ion
batteries have higher energy density compared to the other electrochemical energy
storage systems. For example, the energy density is about 1.5 and 2.5 times higher,
compared to nickel-metal hydride and lead-acid batteries, respectively. The higher
energy density of lithium-ion batteries exists because lithium is the lightest metal
(Mw = 6.94 g/mol), has a small ionic radius (76 pm), and has the lowest redox
potential compared to other elements (-3.04 V vs. standard hydrogen potential, SHE).
Another important aspect of the lithium-ion battery is its power density, which is a
measure of the rate capability. Lithium-ion batteries also have very low selfdischarge rates. Lastly, there is no memory effect for recharging, such as exists for
nickel-cadmium cells.

Increased global awareness in regards to climate change, otherwise known as global
warming, has also led to consumers and governments looking towards renewable
energy resources. Solar, wind, and wave energy are the greener alternatives to fossil
fuels that will reduce carbon dioxide emissions. These green energies sources,
however, can not produce energy continuously. Therefore, energy storage systems
are required to store energy for non-production periods. Electrochemical energy
6

storage systems are regarded as the main candidates for such power grid storage
systems. Moreover, hybrid electric vehicles and full electric vehicles have in recent
years been introduced onto the commercial market. These vehicles are mainly
powered by lithium-ion batteries. With many emerging markets for the use of
lithium-ion batteries, coupled with the expanding demand for portable electronic
devices, research and development into the improvement of their safety, capacity,
and cost would be required. [1, 4]

Figure 2.1 Gravimetric power and energy densities for different rechargeable
batteries. [2]
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2.1.1

History

The discovery of “animal electricity” by Luigi Galvani in the 1780s led to the
development of the first electrochemical cell by Alessandro Volta in 1800. The
“galvanic cell” or “voltaic cell” is an electrochemical cell that contains two unlike
metals, copper and zinc. When these are separated in an acidic solution, the
electrolyte, an electric current is produced. A few decades later, major advances in
the laws of electrochemistry were developed by Michael Faraday. Subsequently, the
first rechargeable battery, a lead-acid battery with an aqueous-based liquid
electrolyte, was developed by Gaston Plante in 1859. Later on, several other types of
rechargeable battery were developed, such as nickel-cadmium (Waldemar Jungner,
1899), nickel-iron (Thomas Edison, 1901), and nickel-metal hydride (1975), as well
as the first non-aqueous electrolyte battery, lithium-ion, in the 1990s. Figure 2.2
shows the historical timeline for rechargeable batteries and the possible future
directions.

Primary lithium cells (non-rechargeable), which have high capacity and variable
discharge rates, were first demonstrated in the 1970s and are still in use today,
mainly for applications such as watches, calculators, and medical implants. As the
interest in alkali metal based electrochemistry grew, numerous inorganic compounds
were shown to reversibly react with alkali metals. These materials were identified as
intercalation compounds, and the electrochemistry and potential to be used were
clearly defined in 1972. [1] In the same year, Exxon embarked on a large project
using TiS2-Li metal electrodes, with LiClO4 in dioxalane as electrolyte. [5] This
system, however, is limited by the dendritic growth of lithium during recharging,
which is an explosion hazard. Interest in other intercalation compounds also grew,
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and research in Bell Labs showed that oxides have higher capacities and voltages
compared to chalcogenides. In 1980, Goodenough’s group proposed the family of
LixMO2 (M = Co, Ni, Mn) compounds that are still used in lithium-ion batteries
today. [6] In order to overcome the safety issues regarding the use of lithium metal,
research into new insertion anode materials was carried out at the end of 1980, with
successful laboratory demonstrations. [7, 8] This led to the so called lithium-ion or
rocking-chair batteries. Nevertheless, the development of the lithium-ion battery
system took another decade before the creation and commercialisation of the
graphite/LiCoO2 cell by Sony Corporation.

Figure 2.2 Rechargeable battery chemistries over the years and future prospects. [1]
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2.1.2

Basics of Operation

Batteries are commonly in the form of a stack of electrochemical cells, where
individual cells are interconnected in series or parallel. Individual cells of lithium-ion
batteries can be found in many types of shapes. Among them are cylindrical,
prismatic, coin, and plastic cells, as shown in Figure 2.3. Although the shapes are
different, the basic configurations are similar to each other. An individual cell is
composed of the cathode (positive electrode), the anode (negative electrode), a
porous polymer separator (in between the two electrodes), and the electrolyte for
shuttling lithium-ions. In addition, the current collector at the cathode and anode are
aluminium and copper, respectively. Nickel is also used as the current collector at the
anode in some cases. These metals are chosen due to their good electrical transport
properties and their inertness to any electrochemical lithium reaction at the respective
electrodes.

Figure 2.3 Schematic diagrams showing the shapes and components of various
lithium-ion battery configurations: a) cylindrical; b) coin; c) prismatic; d) thin and
flat plastic cell. [3]
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In a lithium-ion battery, energy is stored through shuttling lithium-ions between the
intercalation electrodes. A schematic diagram representing the mechanism of
operation of a lithium-ion battery is shown in Figure 2.4, where the anode is
graphitic carbon and the cathode is a layered LiMO2. During the discharge process,
lithium-ions intercalated in the graphitic structure are transferred via the electrolyte
into the layered structure of the LiMO2, while electrons go through the external
circuit in the same direction. During the charge process, external electrical energy is
used to force the lithium-ions into the graphitic layers. The electrical energy is then
stored as chemical energy. Using the conventional lithium-ion cell (C/LiCoO2), the
reaction mechanism can be derived as
𝐿𝑖𝐶𝑜𝑂2 ↔ 𝐿𝑖1−𝑥 𝐶𝑜𝑂2 + 𝑥𝐿𝑖 + + 𝑥𝑒 −
𝐶 + 𝑥𝐿𝑖 + + 𝑥𝑒 − ↔ 𝐿𝑖𝑥 𝐶

(2.1)
(2.2)

Figure 2.4 Schematic diagram of a rechargeable lithium-ion battery. [2]
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2.1.3

Basic Concepts

Definitions, basic concepts, and theories relating to lithium-ion batteries are
discussed below:

Open circuit voltage (VOC) is the voltage measured across the terminals of the cell
without external current flow. This is usually determined by the difference in
electrochemical potential between the anode and the cathode.
𝑉𝑂𝐶 = (𝜇𝐴 − 𝜇𝐶 )/(−𝑛𝐹)

(2.3)

where µA is the electrochemical potential of the anode; µC is the electrochemical

potential of the cathode; n is the numbers of electrons involved; F is the Faraday
constant (96485 C/mol).

Operating voltage of the cell can be described as:
𝑉 = 𝑉𝑂𝐶 − 𝐼𝑅

(2.4)

where I is the working current; R is the internal resistance of the cell.

Capacity (Q) is the total amount of charge for the redox reaction during
charge/discharge of the cell.
𝑡2

𝑄 = ∫𝑡1 𝐼(𝑡)𝑑𝑡 = 𝑛𝑧𝐹

(2.5)

where I(t) is the current; t is the time; n is the number of mols of ions; z is the
valence of the ions; F is the Faraday constant.

Specific capacity (Qs) can be described in terms of gravimetric specific capacity
(ampere hours per kilogram; Ah/kg) or volumetric specific capacity (ampere hours
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per litre; Ah/L). The specific capacity is derived based on the capacity per unit
weight of the active material, or capacity per unit density of the active material.

Irreversible capacity is the capacity loss during one charge/discharge cycle. It is the
difference in capacity between charge and discharge at the nth cycle.

Coulombic efficiency (ηe) is the ratio of the charge capacity to the discharge capacity
at the nth cycle. This is a measure of the cycling stability of the cell.

Energy density can be evaluated in both gravimetric (watt hours per kilogram,
Wh/kg), and volumetric (watt hours per litre, Wh/L) terms. This is used to compare
the energy content between cells.

Power density can be evaluated in both gravimetric (watt per kilogram, W/kg) and
volumetric (watt per litre, W/L) terms. This is used to define the rate capability of the
cell.

Charge/discharge rate (C-rate) is employed to estimate how fast lithium can be
transferred. C is either the theoretical capacity or the nominal capacity of the cell. As
an example, C/10 refers to fully charging/discharging in 10 hours.
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2.1.4

Challenges

In the next decade, more electric vehicles are predicted to roam city streets
throughout the world. These vehicles are expected to rely on electrochemical energy
storage systems such as lithium-ion batteries. This application would increase the
demand for lithium-ion batteries by several fold from the current 3 billion cells
produced annually. [4] There are many challenges that lie ahead for the global
transformation towards utilisation of green energy and reducing carbon footprints.
Firstly, the world has about 800 million vehicles, and powering them with 15 kWh
lithium-ion batteries would consume about 30% of known lithium reserves. [1] Many
would doubt the sustainability of such an application in the long-term future,
although lithium can be found in vast quantities in sea water. Furthermore, as
lithium-ion batteries are found in many different types of applications and devices,
cells with different configurations and properties would be needed to suit these very
different applications for vast numbers of users. Several aspects of lithium-ion
batteries that are considered when designing batteries for specific applications
include: energy density, power density, speed of charging, cycle life, safety, and cost.
An example is shown in Figure 2.5, where the different needs of applications such as
electronic devices and electric vehicles are plotted in spider charts.
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3

Figure 2.5 Spider chart showing the three main applications of lithium-ion batteries
and their respective demands. (HEV stands for hybrid electric vehicles; PHEV stands
for plugin-hybrid electric vehicle; BEV stands for battery electric vehicles). [4]

The important aspects of the lithium-ion battery, the problems faced, and the possible
solutions are summarised below:

1) The safety factor of a lithium-ion battery depends on the stability of the electrode
material and the interfaces in the cell. This concern is especially evident in the
charged state of the battery, as the lithiated anode material (graphite) is not stable and
15

is a potential thermal runaway threat. [9] Solutions proposed to address this problem
include electrolyte additives to retard potential fire hazards, changing the anode
material, and incorporating surface coating of the anode to reduce the hazard.

2) The cycle life of a lithium-ion cell also largely depends on the nature of the
interface between the electrode and electrolyte. Irreversible capacities are often the
product of electrolyte decomposition at the electrode surface. Furthermore, lack of
stability of the lithiated and delithiated states of the electrode materials in the
electrolyte also contributes to poor cycle life. One example is the dissolution of
manganese in the electrolyte. [9] This problem has been addressed by metal doping
to improve the stability of the material. Another method is the use of a surface
coating to reduce interaction between the electrolyte and the active material.

3) Cost of the lithium-ion battery is an important factor for large-scale applications
such as electric vehicles and power grid storage. The cost of the battery is mainly
accounted for by the electrode materials. For example, in a cylindrical cell, the
cathode material, LiCoO2, takes up 40% of the total cost. One effective method to
deal with this problem is to develop and employ low-cost materials in lithium-ion
batteries.

4) Energy density is a factor that is largely based on the intrinsic properties of the
electrode material. Improving the energy density of the lithium-ion battery is very
important for producing a battery that is lightweight and long lasting. There are
several methods that can be used to improve the energy density. Firstly, the energy
density can be increased by increasing the potential between the two electrodes. A
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cell with a higher working potential will have a higher energy density compared to a
cell with the same capacity but lower working potential (i.e., energy of a 10 Ah, 4 V
cell > energy of a 10 Ah, 2.5 V cell). In addition, the energy density can be improved
through decreasing the mass of electrode materials per exchanged electron. New
electrode materials of higher specific capacity, such as alloying anode materials (Si,
Sn, Ge) and metal oxide cathodes (LiNixCoyMnzO2) can improve the cell energy
density. Furthermore, increasing the packing density of the electrode materials is also
crucial to improve the weight ratio of active material to current collector, which will
improve the cell energy density.

5) The power density is related to the capability of the battery for fast recharging.
This can be improved through improvement of the rate capability of the electrode
materials. Although the rate capability is largely dependent on the intrinsic properties
of the electrode materials, such as those relating to ionic and electronic diffusion,
methods such as doping or coating with conductive elements can improve these
properties. Carbon is a popular choice due to its light weight, high conductivity, and
abundance.

Nevertheless, there is still much room for improvement in these aspects in order to
satisfy the future demands of high performance lithium-ion batteries. The
nanotechnology revolution will play an important role, as nanomaterials can improve
the energy and power density, which will further lead to lower cost and material
sustainability, as less material will be needed for a cell of the same capacity. Through
decreasing the dimensions of the active materials, the specific surface area will
increase, giving more active sites where lithium reactions can occur. Furthermore,
17

the diffusion lengths for ions and electrons are shortened, thus improving both the
capacity and the rate capability. [1, 3, 10] Moreover, nanomaterials can open up new
lithium reaction chemistries, leading to new electrode materials. One such reaction is
the conversion reaction of transition metal oxides. [11] Also, the reaction pathways
can also be altered, such as in the solid solution reaction that has been observed in
nanomaterials, which undergo a two-phase reaction in the bulk. [12, 13]
Nanostructured materials could also improve the cycling stability of alloying anode
materials, as the decrease in size will reduce the absolute volume change.
Additionally, several types of nanostructures, such as hollow structures, nanowires,
and nanotubes have been shown to be effective in controlling the volume change
issue facing lithium alloying materials. [9, 14, 15] Nonetheless, it will be foolish to
ignore the problems arising from using nanomaterials. The increase in surface area
raises the risk of secondary electrolyte decomposition. Also, nanomaterials will
decrease the packing density of the electrode material. Hazards associated with the
use of nanomaterials are also cause for concern. Last but not least, production of
nanomaterials is usually energetically expensive. A balance has to be struck for
nanomaterials to be relevant and remain attractive for the long-term future of
lithium-ion batteries.
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2.2

Anode Materials

Carbon based anode material have been the main choice for most of the lithium-ion
batteries on the market today. This is because of the stability of carbon during
cycling and also the low cost compared to other competing anode materials. Due to
the increasing demand for higher capacity and higher performing lithium-ion
batteries, research into finding new anode materials has intensified in recent years.
Promising replacements for carbon-based anode materials includes titanium oxides,
silicon, tin, germanium, metal sulphides, and various transition metal oxides. These
candidate anode materials can be mainly categorised into three lithium storage
mechanisms, insertion, alloying, and conversion, as shown in Figure 2.6.

Figure 2.6 Schematic representation of the different reaction mechanisms observed
in electrode materials for lithium batteries. [15]
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2.2.1

Insertion

Insertion electrode materials were used in the first generation of lithium-ion batteries.
They are commonly linked to cathode materials, have low capacity and mostly react
up to 1 e- per formula unit. Insertion compounds are also used as anode materials, as
in the first commercialised lithium-ion battery, which contained LiCoO2 cathode and
graphite anode, both insertion compounds. Another compound that was introduced
onto the commercial market in recent years is Li4Ti5O12, which gives very promising
power density and safety, when coupled with LiFePO4. In addition, many other
carbon allotropes and titanates were also investigated for their electrochemical
performance as negative electrode for lithium-ion batteries.
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2.2.1.1 Carbon
Carbon is the most abundant element in nature, and it comes in many allotropes.
Graphite, diamond, fullerene, and carbon nanotubes are examples of such allotropes,
as shown in Figure 2.7. [16-19] More recently, the discovery of graphene, which is a
single layer of graphite, has propelled research on carbon materials for use in
lithium-ion batteries. In addition, other forms of partially ordered and disordered
carbon were also investigated as high capacity materials.

Graphite can be considered as the first example of lithium storage in carbon material
and was further commercialised by Sony in the early 1990s. Lithium is inserted
between the graphitic layers, forming LiC6 at the voltage of 0.1 V vs. Li/Li+, which is
close to the lithium plating voltage (0 V vs. Li/Li+). This lithium storage reaction
gives a reversible theoretical capacity of 372 mAh/g. Furthermore, graphite shows
stable cycling performance over hundreds of cycles and has high Coulombic
efficiency. The major drawback of graphite relates to the thermal stability of lithiated
graphite. This is a big concern for applications that requires large battery packs such
as automotive and grid power storage.

Another allotrope of carbon which has been widely studied is carbon nanotubes.
Carbon nanotubes can be divided into three main groups, single-walled carbon
nanotube (SWCNT), double-walled carbon nanotube (DWCNT), and multi-walled
carbon nanotube (MWCNT). The nanotubes show promising capacity of up to 1400
mAh/g in the first cycle. Much of this capacity, however, is irreversible, as other
forms of lithium storage mechanisms are present besides the intercalation of Li
between the graphitic layers. Furthermore, there is a large voltage hysteresis, which
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reduces the cell efficiency. In general, carbon nanotubes offer stable reversible
capacity which is similar to that of graphite, but they requires more complicated
synthetic procedures. A comprehensive review on lithium storage in carbon
nanotubes can be found in [19].

Figure 2.7 Carbon materials: a) graphite, b) diamond, c) buckminsterfullerene, d)
single-walled carbon nanotube, e) graphene. [16]

Graphene was first isolated and characterised in 2004 by Nobel Prize winners Andre
Geim and Konstantin Novoselov using a adhesive tape method. [20] Since then,
there have been many reports on new synthesis methods due to the promise of the
extraordinary electrical, thermal, and mechanical properties of graphene. Chemical
synthesis of grapheme, which involve an intermediate step of graphite oxidation and
subsequent chemical or thermal reduction, is the most popular method used by
researchers. [21-25] The graphene sheets prepared using the chemical reduction
method were first tested for their lithium storage properties by Yoo and co-workers
in 2008. [26] The capacity recorded for the graphene sheets was found to be 540
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mAh/g. Although the capacity is still short of the theoretical capacity of 744 mAh/g,
the capacity is much larger than that of graphite. The lower than theoretical capacity
is because of the nature of the graphene nanosheets, which are in stacks of 10-20
layers. In 2009, Wang et al. reported on graphene nanosheets which were in stacks
generally composed of 2-3 layers. The capacity recorded was 650 mAh/g, which is
much closer to the theoretical value. [27] From then onwards, research on graphene
and graphene-based material for lithium-ion batteries and other types of
electrochemical energy storage has increased exponentially. [28-31]
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2.2.1.2 Titanate
Lithium titanium oxide (Li4Ti5O12) [32-34] and titanium dioxides [32, 33, 35-39] of
different polymorphs (rutile, anatase, and bronze) are interesting insertion anode
materials. This is because of their various advantages compared to graphite. The
electrochemical lithium reaction voltages of titanates are relatively higher than that
of graphite, which is very close to the electroplating potential of lithium. This makes
titanates intrinsically safer. Besides, titanates have low or negligable volume changes
during lithium de/insertion, low costs due to their abundance in the earth’s crust and,
environmental friendliness. More importantly, titanates (especially Li4Ti5O12) have
significantly higher rate performance (high power density) compared to graphite and
other competing anode materials. The major drawback of the titanate anodes are the
low capacity of such materials. The theoretical capacity for Li4Ti5O12 is 175 mAh/g
and the theoretical capacity for titanium dioxides is 330 mAh/g. Further
improvement of the various titanium dioxides polymorphs are needed, as they
struggle to reach the theoretical capacity of 1 Li+ per TiO2. [32]
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2.2.2

Alloying

The discovery of electrochemical alloying between lithium and metallic or semimetallic elements at room temperature in non-aqueous electrolytes in the 1970s has
led to research into the potential use of such alloys in lithium-ion batteries. Although
very few of these lithium-alloying elements have been commercialised to date, there
is an increasing interest in these elements, which promises high volumetric and
gravimetric capacities. Figure 2.8 shows a list of lithium alloying elements and their
respective energy densities. [15] In addition, other elements, such as P, Au, Ag, Ga,
Zn, Cd, and Mg, have also been studied as anode materials for lithium-ion batteries.
[14] These alloying elements, however, require a solution to be found for the
dramatic volume changes during the alloying process. The huge volume variation
will result in the disintegration of the active material from the current collector and
pulverisation of the active material, which will result in poor cycling stability. In
order to overcome the volume change effect, several strategies have been introduced.
Firstly, decreasing the particle size of the material will also decrease the absolute
volume change during lithium alloying, thus reducing pulverisation. In addition, a
buffering matrix can be introduced to absorb and contain the expansion and
reduction during cycling. The buffering matrix can be in the form of amorphous Li2O
from an oxide precursor (such as SnO2 or GeO2), a carbon coating layer, or a new
type of binder which has better strength compared to polyvinyldine fluoride (such as
carboxy methyl cellulose). Lastly, nanostructures such as nanotubes and hollow
spheres also reduce the volume changes during the alloying reaction due to the
capability of sustaining the volume change in their empty spaces.
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Figure 2.8 Specific capacities and specific densities for selected alloying reactions
with graphite as reference. [15]
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2.2.2.1 Silicon
Silicon has been regarded as the most promising anode material for lithium-ion
batteries. This is because Si has the highest gravimetric and volumetric capacity, and
is abundant, cheap, and environmentally friendly. Silicon alloys with lithium to form
several intermetallic compounds such as Li12Si7, Li7Si3, Li13Si4, and Li22Si5. At room
temperature, however, silicon goes through a single crystalline to amorphous
transformation. The theoretical capacity of Li22Si5 is 4200 mAh/g, which is more
than 10 times the capacity of graphite. Another advantage of Si is the low reaction
voltage of 0.4 V vs. Li/Li+, which is useful for assembling cells to work at high
voltages. On the other hand, the volume expansion of Si to Li22Si5 is 420%, which
can cause severe material pulverisation and eventual capacity fading. Furthermore,
the volume expansion and contraction during cycling will cause low Coulombic
efficiency, because new solid-electrolyte interphase (SEI) films will form on the new
surfaces arising from the cracks and pulverisation. One of the most effective ways to
contain the volume variation is by using Si nanowires, which was reported by Chan
and co-workers in 2008. [40] The Si nanowire anode achieved a reversible capacity
of more than 3000 mAh/g and was stable for 10 cycles with negligible capacity
fading. In addition, reducing the size of silicon nanoparticles [41, 42] and forming
porous silicon structures [43, 44] have also proven to be effective methods.
Moreover, Cui’s group have shown that addition of a mechanical clamping layer is
very effective in stabilizing the cycling performance and also the SEI layer. [45, 46]
Lastly, using new high performance binders also stabilizes the cycling performance
of silicon nanoparticles. [47, 48]
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2.2.2.2 Tin
Tin is another high capacity anode material that has received huge interest from the
research community. Similar to silicon, tin is abundant, low-cost, and
environmentally benign. At elevated temperature, tin alloys with lithium in seven
different phases: Li2Sn5, LiSn, Li7Sn3, Li5Sn2, Li13Sn5, Li7Sn2, and Li22Sn5. More
recent studies, however, on Li22Sn5 using crystallographic methods show that Li17Sn4
is the actual phase present. Therefore, the theoretical capacity of tin based on Li17Sn4
is 959.5 mAh/g, which is about 3 times higher than graphite. The reaction voltage is
around 0.5 V v.s Li/Li+ with several plateaus indicating the formation of several LiSn phases. In addition, tin-based electrodes have an advantage over silicon
electrodes, as they do not form a native surface oxide layer, which may reduce the
electrical conductivity and capacity of the material. As metallic tin electrodes also
face the same challenges as other alloying electrode materials, similar strategies to
those for silicon have been used overcome the problems. Carbon coating or carbon
matrices have been used to buffer the volume changes during cycling. [49-51] Also,
tin nanowires [52, 53] have shown improved cycling performance. In addition, tinbased oxide materials have been used to improve the cycling stability. [54, 55] When
SnO2 or SnO reacts with lithium in the first discharge (lithiation), Li+ reacts with O2
to form Li2O, which acts as a matrix. Such a reaction is unfavourable, however, as
the formation of Li2O is irreversible and consumes lithium. The reactions can be
summarised as follows:
𝑆𝑛𝑂2 + 4𝐿𝑖 + + 4𝑒 − → 𝑆𝑛 + 2𝐿𝑖2 𝑂

(2.6)

𝑆𝑛 + 4.25𝐿𝑖 + + 4.25𝑒 − ↔ 𝐿𝑖4.25 𝑆𝑛

(2.8)

𝑆𝑛𝑂 + 2𝐿𝑖 + + 2𝑒 − → 𝑆𝑛 + 𝐿𝑖2 𝑂

(2.7)
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Interestingly, recent research work has shown that metallic tin formed after the first
discharge can be reversibly oxidised. [56] This increases the capacity of the active
materials, as more lithium can be stored per formula unit. The theoretical capacity of
SnO and SnO2 are 1243 mAh/g and 1467 mAh/g, respectively, if the reactions are
fully reversible.

Additionally, tin-metal alloys have also been researched as a method to improve the
cycling stability without the irreversible effects of oxide-based materials. Metals that
are inert to electrochemical lithiation are paired with tin to form an “active-inactive”
system. The inert metals that have been used include cobalt, [57, 58] nickel, [59, 60]
iron, [61-63] and manganese. [64] This method can reduce the strain during the
volume variation and also protects tin particles from serious aggregation. This
method results in the reduction in specific capacity of the anode material, however,
due to the inert elements. On the other hand, other metallic elements which are active
towards electrochemical lithiation have also been studied. Elements such as Sb, [6568] Zn, [69] and Ag [70] have been paired with tin, and improvement in capacity is
observed in the “active-inactive” compounds, along with improvement in cycling
stability. Nevertheless, further improvements in the cycling stability of these tinbased materials are needed before they can be applied in commercial applications
that require a product lifetime in the range of thousands of cycles.
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2.2.2.3 Germanium
Germanium is the least studied Group IV element for applications in lithium-ion
batteries. This is because germanium is very costly. Although it is abundant in the
earth’s crust, germanium is scattered and is usually a by-product from mining for
other minerals. Germanium, however, shows highly promising intrinsic properties as
an anode material when compared to silicon and tin. The theoretical capacity of
germanium is 1620 mAh/g, corresponding to the formation of Li22Ge5 phase, which
is significantly higher than the capacity of tin or graphite. Also, the electrical
conductivity is 104 times higher, and the lithium diffusivity 400 times faster
compared to silicon. In addition, the surface of germanium is less readily oxidised in
air compared to silicon. These advantages promise an anode material with both high
power and energy density. The lithium alloying reaction with germanium forms
several phases, including Li9Ge4, Li7Ge2, Li15Ge4, and Li22Ge5. Like silicon and tin,
germanium suffers from volume expansion during cycling, which results in drastic
capacity fading. The approaches for containing the volume expansion are also similar
to those applied for other alloying anodes. Nanostructured materials, [71-76] porous
materials, [77, 78] intermetallic alloys, [79] carbon coating, [72] and germanium
based oxides [80-83] have been reported to show improvement in the cycling
stability. Among the previously reported work, a notable report by Park et al. [77]
demonstrated the excellent cycling stability of a porous germanium nanostructure
which can be cycled at the 1 C-rate with negligible capacity fading over 50 cycles
and achieves a specific capacity of 1415 mAh/g. A more recent work by the same
group showed the high rate performance of a germanium nanotube anode, which had
a capacity of 580 mAh/g at current density of 20 A/g. [76] In addition, the
germanium nanotube, when coupled to a LiCoO2 cathode, showed stable cycling for
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up to 400 cycles. These recent research reports show the potential of germanium for
application as a high energy and high power anode material. Nevertheless, several
obstacles have to be overcome before germanium-based anode material are desirable
for commercial applications: (1) in most of the reported work, the stable cycling does
not exceed 100 cycles; (2) the high cost of germanium is a significant barrier; (3)
there are scalability issues with the synthesis method of the reported nanostructures.

Furthermore, germanium oxides are also interesting materials for high capacity
anode, although they have been rarely studied. Germanium oxides go through
electrochemical lithium reactions that are similar to those for tin. They can be
described as:
GeO2 + 4Li+ + 4e-  Ge + 2Li2O

(2.8)

Ge + 4.4Li+ + 4.4e-  Li4.4Ge

(2.9)

Equations (2.8) and (2.9) can be described as the conversion and alloying reactions,
respectively. If the conversion reaction of GeO2 can be made fully reversible, the
theoretical capacity will be 2152 mAh/g, which is very attractive. In a recent reported
work on a germanium sub-oxide (GeOx), the conversion reaction was observed to be
reversible. [83] Further study of the conversion reaction of GeO2 could yield a new
and promising high capacity anode material for lithium-ion batteries.
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2.2.3

Conversion

At the turn of the millennium, Poizot and co-workers introduced a new type of anode
material based on transition metal oxides with high reversibility and cycleability.
[11] The lithium reaction mechanism is different from classical insertion or the
alloying reaction. Lithium storage in the metal oxides was reported to involve
formation and decomposition of Li2O and a redox reaction forming metallic
nanoparticles. Since then, many studies have been reported on these transition metal
oxides. A recent article from Palacin’s group summarises progress on the conversion
reaction materials. [84]

The conversion reaction does not only apply to metal oxides. In fact, conversion
reactions were observed in many binary metal compounds, which can be generalised
as:
𝑀𝑎 𝑋𝑏 + (𝑏. 𝑛)𝐿𝑖 ↔ 𝑎𝑀 + 𝑏𝐿𝑖𝑛 𝑋

(2.9)

where M = transition metal, X = anion (O, S, F, P, N, etc.), and n = formal oxidation
state of X.
Nevertheless, this new class of anode material still faces several challenges that
prevent commercialisation. The main issues are: (1) large voltage hysteresis between
charging and discharging, which will result in poor energy efficiency; (2) to achieve
the promised high capacity, the materials are usually tested in a large potential
windows (> 1.5 V) which is not practical; (3) very large inefficiency in the first cycle
(> 20%), which will consume large amount of lithium; (4) large volume expansion
associated with the conversion reaction, which results in capacity fading. Figure 2.9
summarises the volume expansion and nanoparticle surface area of conversion
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reaction compounds. In addition, Figure 2.10 shows the theoretical capacity of
selected compounds.

Figure 2.9 Plot of volume change percentages (black) and metal nanoparticle surface
areas after the conversion reaction (green). [85]
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Figure 2.10 Theoretical (black), first discharge (dark grey), and charge (light grey)
specific gravimetric capacities of different compounds that react with lithium
through the conversion reaction. [84]
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2.2.3.1 Metal Oxides
Many 3d transition metal oxides have been studied since Poizot’s report [11] on the
high reversibility of nanosized metal oxides. Among those, iron, manganese, and
cobalt oxides have received the most attention due to the promise of capacity higher
than 1000 mAh/g. As these metal oxides face the challenges described in Section
2.23, many strategies have been formulated to address their problems. One of the
solutions uses nanostructured current collectors to improve the kinetics and rate
capability of Fe3O4. [86] Another strategy is to incorporate highly conductive
compounds into the anode material or during the electrode-making process. New
high performance binders have also been used to improve the cycling stability. [87,
88] The most popular strategy is making nanostructured active materials, which can
reduces the length of lithium diffusion, reduce absolute volume change, increase
active surface area, and stabilise the volume expansion. [84]

The focus has been mainly directed to the first row transition metal oxides due to
their lower formula weights. Other transition metal oxides which are heavier can also
be attractive alternatives, however particularly molybdenum oxides. MoO3 has a
theoretical capacity of 1117 mAh/g, which is higher than for most of the 3d transition
metal oxides. [87, 89] Another form of molybdenum oxide, MoO2, deserves more
interest due to its low electrical resistivity (8.8 × 10-5 Ω cm) and high theoretical
capacity (838 mAh/g). A previous study on MoO2 shows that using mesoporous
structures can achieve cycling stability over 30 cycles. [90] In addition, the carbon
coating method has also been applied and showed improvement in rate capability and
cycling stability. [91-93] Further study on this material is required to overcome the
problems associated with the conversion reaction of MoO2.
35

2.2.3.2 Metal Sulfides
Transition metal sulphides were first considered as insertion materials for use as
cathode in primary lithium batteries. Titanium and vanadium sulphides with layered
structures have also been considered as cathode material for lithium-ion batteries.
Other transition metal sulphides, however, such as iron, [94-96] manganese, [97, 98]
cobalt, [99-101] nickel, [102, 103] copper, [104] and molybdenum sulphides, [105,
106] have been found to be interesting conversion reaction anode materials. The
conversion reaction forms Li2S, which is similar to what occurs in the primary LiSulphur battery. Although the conversion reaction of transition metal sulphide
promises high capacity, problems similar to those characteristic of the Li-S battery
arise, where formation of soluble polysulfide intermediates during cycling results in
severe capacity fading, in addition to the drawbacks of conversion electrodes.
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2.2.3.3 Metal Nitrides/Phosphides/Fluorides
In general, transition metal nitrides have lower specific capacities (with a few
exceptions) compared to other conversion anode materials, which is the main reason
for the lesser interest in them. [84] Additionally, these binary nitrides have an
unexplained redox reaction inefficiency which leads to capacity fading. Furthermore,
formation of metal oxides is observed over prolonged cycling, due to the reaction
with the electrolyte.

The ability of transition metal phosphide to react with lithium through the conversion
reaction has only been discovered recently. Phosphorous rich phases of Mn, Fe, Co,
and Ni, and Cu phosphides can react electrochemically with lithium through the
conversion reaction. [84] These metal phosphides have very poor cycling stability,
and rapid capacity fading is observed. Nevertheless, the high capacity, >1000 mAh/g,
remains attractive.

The conversion reaction of transition metal fluorides occurs at much higher potential
due to the high ionicity in the M-F bonds. Reduction potentials which are higher than
2 V are commonly observed for the first row transition metal fluorides. This makes
them more attractive as cathode materials rather than anode materials for lithium-ion
batteries.
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2.3

Cathode Materials

For the past two decades, LiCoO2 has remained the dominant cathode material
because of its ease of synthesis and stable electrochemical performance, provided
that the reaction does not use more than 0.5 moles of Li+ in the material. [9] Due to
the increase in the demand for lithium-ion batteries, the high cost of cobalt has led to
the development of alternative cathode materials that offer lower cost. Figure 2.11
summarises several promising cathode materials that could be used in next
generation batteries. Comprehensive reviews of cathode materials can be found in
these articles [107-109]. Among them, transition metal oxides such as LiNiO2 and
LiMnO2, with cationic doping that stabilises the layered structured framework,
promise capacity of up to 200 mAh/g, which is 50% higher compared to LiCoO2
(140 mAh/g). In addition, spinel type transition metal oxides such as LiMn2O4 have
also gained interest as a green alternative, although they have slightly lower capacity
(120 mAh/g). Another interesting family of cathode materials is the vanadium
oxides. Although they have been used as cathode materials for lithium batteries (nonrechargeable), their high capacity of up to 300 mAh/g has aroused new research
interest. Polyoxyanionic compounds with olivine structure such as LiFePO4 (170
mAh/g) are regarded as the most promising alternatives, and have been recently
commercialised by A123 Systems.

As the search for new cathode material has intensified, several other polyanionic
compounds have been introduced. These compounds include lithium metal silicate
(LiMSiO4), [110] lithium metal fluorophosphates (Li2MPO4F), [111-113] lithium
metal pyrophosphate (Li2MP2O7), [114] lithium metal fluorosulphate (LiMSO4F),
[115, 116] lithium metal borates (LiMBO3), [117] and lithium metal hydroxysulphate
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(LiMSO4OH), [118] where M is usually a first row transition metal. These
compounds, however, are still far from replacing the current cathode materials on the
market.

Figure 2.11 Voltage versus capacity plot for electrode materials that are presently
used or under serious consideration for next generation lithium-ion batteries. [3]
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2.3.1

Transition Metal Oxides

Layered transition metal oxides were extensively studied in the 1980s as promising
cathode materials due to their structural similarity to dichalcogenides. Goodenough
recognised that LiCoO2 has a very similar crystal structure compared to LiTiS2 and
demonstrated the reversible electrochemical lithium reaction. [6] LiCoO2 has the αNaFeO2 structure, and during delithiation, several phases are formed, which is
undesirable for cycling stability. Therefore, LiCoO2 can only be reversibly cycled at
0.5Li/Co, which gives a theoretical capacity of about 140 mAh/g and average
working voltage of 3.9 V vs. Li/Li+. Although the capacity is low, the high working
voltage and cycling stability prompted Sony Corporation to use this cathode material
in the first commercial lithium-ion battery.

Due to the high cost of cobalt and the expanding market for lithium-ion batteries,
other closely related layered oxide materials were investigated. LiNiO2 appeared to
be an interesting prospect, as the relative cost of nickel is much lower. [119-122]
Pure LiNiO2 is not feasible as a cathode material, however, due to the instability of
the delithiated compound, NiO2, at room temperature. In addition, many reports
suggest that LiNiO2 exists in a non-stoichiometric form, as Ni is always found in the
lithium sites, which reduces the lithium diffusivity and rate capability of the material.
Layered LiMnO2 is another compound that is regarded as an alternative cathode
material because of the low-cost and environmentally friendly nature of manganese.
[123-126] Nonetheless, LiMnO2 is not stable at high temperatures, making synthesis
using solid state methods impossible. Also, LiMnO2 converts into the
thermodynamically more stable spinel structure upon lithium cycling. The structural
instability of LiMnO2 and LiNiO2 during electrochemical lithium reactions have
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driven researchers to investigate “mixed oxide” layered structures, where the metals
used are combinations of cobalt, nickel, or manganese. Since then, many
combinations of LiNixMnyO2, LiNixCoyO2, LiMnxCoyO2, and LiNixMnyCozO2 have
been studied and have shown excellent potential as new cathode materials for
lithium-ion batteries. [127-133]

Another type of lithium manganese oxide, spinel LiMn2O4, has also been studied due
to its lithium storage properties. [125, 134-138] This material is attractive due to its
ability to perform at high rates. LiMn2O4 can reversible store lithium at two voltage
plateaus of 4 V and 3 V. In most cases, this material is studied for its lithium storage
at the 4 V plateau, which gives a theoretical capacity of 148 mAh/g for 1 Li+
reaction. The practical capacity, however, is usually below the theoretical value
(~120 mAh/g), as less than 1 Li+ is stored. The largest drawback of this cathode
material is the dissolution of manganese, which causes self-discharge and capacity
fading. These problems are associated with the HF attack on manganese, although
there are solutions such as using alternative lithium salts in the electrolyte and
surface coating of the material.
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2.3.2

Transition Metal Phosphates

Olivine-type lithium iron phosphate (LiFePO4) was first reported in 1997 by
Goodenough and co-workers. [139] This polyanionic compound, is considered the
safest cathode material for state-of-the-art lithium-ion batteries. Moreover, the cost
of this material is much lower compared to LiCoO2. LiFePO4 has a two-phase
reaction with a single voltage plateau at 3.4 V vs. Li/Li+, and its theoretical capacity
is 170 mAh/g. This material, however, shows very poor rate capability in its pure
form. In order to overcome the low ionic conductivity, nanosizing and carbon
coating have been applied to LiFePO4 with much success. [140-145] Furthermore,
Chiang and co-workers managed to unlock the rate capability of LiFePO4 through
metal doping in the lithium sites. [146] Likewise, Kang and Ceder demonstrated that
ultra-high rate capability could be achieved through non-stoichiometric synthesis.
[147]

In the search for higher energy density, the iron in LiFePO4 has been substituted
partially or wholly to increase the working voltage of the cathode material.
Manganese, cobalt and nickel are the most studied metals for olivine-type LiMPO4.
Other phases of transition metal phosphates were also studied, as discussed earlier in
Section 2.3.
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2.3.3

Vanadium Oxides

Vanadium oxides are one of the earliest studied transition metal oxides due to their
lithium storage properties. [148-150] The V-O bonds in the VO6 octahedra of their
layered structures can be distorted, giving large bond length variations. [151] This
structural characteristic enables the formation of many layered vanadium oxides.
Figure 2.12 shows the different layered structures of vanadium oxides. Another
interesting property of vanadium oxides is their transformation into good conductors,
and sometime metals, when intercalated by electron donating cations.

Figure 2.12 Structural relationships between molybdenum and vanadium oxides.
[151]
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Vanadium pentoxide (V2O5) has received the most interest among the vanadium
oxide family, due to its ability to store up to 3 Li+, so that it theoretically could store
up to 440 mAh/g. Recent studies have shown that capacity beyond 300 mAh/g can be
achieved in the initial cycles. [152-156] The inability of V2O5 to achieve its
theoretical capacity could be due to the phase transformations which occur during
lithium insertion. The phase transformations can be summarised as: α-LixV2O5 (x <
0.01), ε-LixV2O5 (0.35 < x < 0.7), δ-LiV2O5, γ-Li2V2O5, and ω-Li3V2O5. As for the α,
ε, and δ phases, they can be cycled without irreversible phase changes, giving a
theoretical capacity of 147 mAh/g, which is comparable to that of LiCoO2. When
more than one Li+ is inserted, irreversible transformation into the γ-phase occurs,
where it can be reversibly cycled for 0 ≤ x ≤ 2 in γ-LixV2O5. For the discharge of
more than 2 Li+ per V2O5, the tetragonal structure of ω-Li3V2O5 forms below 1.9 V.
After one electrochemical cycle, however, the tetragonal structure changes into a
rock-salt structure. The ω-LixV2O5 was reported by Leger and co-workers to be able
to store lithium in the range of 0.4 ≤ x ≤ 2.65. [157] The major drawback of V2O5 is
the dissolution of vanadium at high rates, which results in capacity fading. In
addition, this cathode material does not contain lithium, unlike LiCoO2, which means
that it could not be used with graphitic anode in lithium-ion batteries.

Other forms of vanadium oxides that have received interest as electrode materials for
lithium-ion batteries include VO2(B), [158-160] V2O4, [161] V2O3, [162, 163] V6O13,
[159, 164, 165] LiV3O8, [166, 167] H2V3O8, [168] and NH4V4O10. [169]
Comprehensive reviews of vanadium oxide structures can be found in references
[151, 156, 170].
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3 EXPERIMENTAL METHODS
3.1

General Procedure

The procedures used for the experiments in this thesis are described in Figure 3.1.
Various methods were used to synthesize nanostructured materials, and all of the
steps involved are facile, low cost and up-scalable. Different physical
characterization techniques were also used to identify, and study the properties of the
as prepared materials. Then, the electrode materials were assembled into coin-type
cells and tested for their electrochemical lithium storage properties. Structure,
morphology and chemistry after electrochemical cycling were also investigated.

Figure 3.1 Outline of procedures and techniques used in this thesis.
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3.2

Chemicals

Detailed information of the chemicals used in this thesis is summarized in Table 3.1.

Table 3.1 List of chemicals used in this thesis.
Name

Formula

Purity

Supplier

Acetone

(CH3)2CO

99%

Ajax Finechem

Acetylene/Argon

C2H2/Ar

n/a

BOC Gas

Aluminium foil

Al

n/a

Vanlead Tech

Antimony trichloride

SbCl3

99%

Sigma Aldrich

Carbon black

C

n/a

Carbot

C

95%

NanoAmor

Copper foil

Cu

n/a

Vanlead Tech

Ethanol

C2H5OH

99%

Ajax Finechem

Ethanol anhydrous

C2H5OH

99.9%

Sigma Aldrich

Germanium tetrachloride

GeCl4

99.99%

Alfa Aesar

Graphite flakes, natural

C

n/a

Sigma Aldrich

Heptane

CH3(CH2)5CH3

99%

Sigma Aldrich

98%

Alfa Aesar

Carbon nanotubes, multi-walled
(diameter = 40-60 nm)

(1-Hexadecyl)trimethylammonium
bromide
Hydrogen/Argon

H2/Ar

n/a

BOC Gas

Hydrogen peroxide

H2O2

30%

Sigma Aldrich

Hydrogen peroxide

H2O2

35%

Sigma Aldrich

Hydrochloric acid

HCl

37%

Sigma Aldrich

Ketjen Black

C

n/a

Akzonobel

Lithium disk

Li

n/a

Ganfeng

LiPF6 EC/DMC/DEC

99.99%

PanaxStarlyte

LiPF6 EC/DMC

99.99%

Guotai-Huarong

N-methyl-2-pyrrolidone

99.5%

Sigma Aldrich

Oleyamine

70%

Sigma Aldrich

1.15 M lithium hexafluorophosphate
in ethylene carbonate/dimethyl
carbonate/diethyl carbonate (3/4/3)
1 M lithium hexafluorophosphate in
ethylene carbonate/ dimethyl carbonate
(1/1)
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1-Pentanol

CH3(CH2)3CH2OH

99%

Sigma Aldrich

Phosphorus pentoxide

P 2O 5

98%

Sigma Aldrich

Phosphomolybdic acid hydrate

99.99%

Sigma Aldrich

Polyacrylic acid MW = 100000

n/a

Sigma Aldrich

n/a

Sigma Aldrich

Poly(vinylidene fluoride) MW =
543000
Potassium persulphate

K2S2O8

99%

Sigma Aldrich

Potassium permanganate

KMnO4

99%

Sigma Aldrich

Sodium borohydride

NaBH4

98%

Sigma Aldrich

n/a

Sigma Aldrich

99%

Sigma Aldrich

Sodium carboxymethyl cellulose MW
= 90000

Sodium citrate dihydrate

Sodium hydroxide

NaOH

98%

Sigma Aldrich

Sodium nitrate

NaNO3

99%

Sigma Aldrich

Sulphuric acid

H2SO4

95-98%

Sigma Aldrich

99.9%

Sigma Aldrich

98%

Sigma Aldrich

n/a

Sigma Aldrich

98%

Sigma Aldrich

Tetrahydrofuran anhydrous
Tin dichloride dihydrate

SnCl2.2H2O

Triton-X 100
Vanadium pentoxide

V2O5
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3.3

Synthesis Methods

The experimental techniques used in this doctoral work are described and explained
in the subsections below. In general, these techniques are simple, able to scale up for
large scale production, and do not involve costly equipments. The detailed
experimental procedure of each synthesis will be discussed in the respective
chapters.

3.3.1

Hydrolysis

Hydrolysis of metal salts can occur when they are exposed to water. In general, water
spontaneously ionizes to form OH- and H+, while metal salts dissociate to form M+
and (salt)-. Then, metal hydroxides and acids are formed. In the case of germanium
chloride, the hydrolysis product with water is GeO2. Other solvents can be added to
reduce the rate of the hydrolysis reaction, and control particle size growth. As an
example, anhydrous ethanol was used as a dispersant for germanium chloride to
control the size of the hydrolysis product.

The controlled hydrolysis can also be combined with surfactants which can form
micelles to control the shape and sizes. A water/oil system was used with (1Hexadecyl)trimethylammonium bromide (CTAB) as surfactant. The controlled
GeCl4 hydrolysis in this micelle system forms hexahedral-like particles of GeO2.

3.3.2

Thermal Reduction

Thermal reduction is a very convenient technique to reduce oxides to its metallic
form or oxides of lower oxidation state. Generally, the oxides are heated in a
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reducing atmosphere to a certain temperature. All the thermal reduction processes in
this thesis were carried out in tube furnace. Inert gases such as argon or nitrogen was
flown through the tube furnace for at least 30 minutes to purge air, before each
experiment. Vacuum methods for purging air were also used for tube furnaces with
attached vacuum pumps. For example, GeO2 was successfully reduced to Ge in
hydrogen/argon atmosphere at temperatures above 500°C.

3.3.3

Chemical Vapour Deposition Carbon Coating

Chemical vapour deposition (CVD) is a process often used in the semiconductor
industry to grow thin films. Typically, a wafer/substrate is exposed to volatile
chemical precursors at elevated temperature, which will promote the decomposition
of the precursor on the surface of the substrate to form deposits. In this thesis, the
CVD carbon coating process was also carried out in a tube furnace. Purging air from
the system is also very important as carbon will be oxidised to carbon dioxide in air
at elevated temperature. Acetylene gas (C2H2) was used as the carbon source. When
the acetylene gas decomposes a thin film of carbon is formed at the surface of the
material (powder form). This method is very useful for the formation of thin and
uniform carbon coating on electrode materials.

3.3.4

Reductive Precipitation

Reductive precipitation is a process of reducing metal salts using reducing agents to
form particles of the metal. This is a simple wet chemical method which can be
easily scaled up. In general, a metal salt solution is added to a solution containing
reducing agent (or vice versa), redox reaction occurs and precipitates forms. In some
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cases, surfactants, polymers or complexant, are added to control the size, shape and
rate of reaction. Tin-antimony alloy nanoparticles were co-precipitated from their
chloride salt using sodium borohydride as the reducing agent in this doctoral work.
An in situ reaction of tin chloride, antimony chloride and graphene oxide forms a 3dimentional nanostructure where tin-antimony nanoparticles were anchored on the
graphene sheets. The nanoparticles prevent serious restacking and aggregation of the
graphene sheets while forming a porous composite material.

3.3.5

Sol-gel

The sol-gel process is a wet chemical method which involves formation of a colloidal
solution (sol) which is the precursor to the formation of an integrated network (gel)
of discrete particles or network polymers. In this work, phosphomolybdic acid was
added to a graphene oxide solution, thoroughly mixed, and left to dry to form a waxy
solid.

3.3.6

Hydrothermal

Hydrothermal is a synthesis process which mimics the formation of minerals in the
earth’s crust. Various rocks and minerals were formed through high temperature and
pressure. This method is widely used in the study of minerals in the fields of geology
and mineralogy. Generally, hydrothermal synthesis can be defined as crystallisation
of minerals from a solution (aqueous or non-aqueous) at pressure greater than 1 atm
and above room temperature in a sealed system. Many factors such as, solvent,
temperature, pH, concentration, and surfactants, can be tuned to obtain the final
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products. In this work, hydrothermal syntheses were carried out using a Teflon lined
stainless steel autoclave which can withstand temperatures up to 230°C.

3.3.7

Vacuum Filtration

Free-standing films can be formed using the vacuum filtration technique. As
nanomaterials were involved, a 220 nm pore size poly(vinylidene fluoride) (PVDF)
membrane were used. The thickness of the films can be easily controlled through
controlling the amount of material passing through the filtration process. It is
important that homogeneous solutions of the precursors are formed to prepare a
consistent batch of free-standing films. In some cases, surfactants are required to
stabilise the solution. Triton-X 100 was used to prepare a stable suspension of multiwalled carbon nanotubes. The surfactant was then washed away with copious amount
of water.
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3.4

Physical Characterization Methods

The physical characterization methods will be discussed in the following sub
sections. These characterizations are important in understanding the physical nature
of the as synthesized nanomaterials and their relationship towards the improvement
of electrochemical performances.

3.4.1

X-Ray Diffraction

Powder X-ray diffraction is a powerful tool to study the structure of materials. This is
a non-destructive method used to identify the crystalline phases. X-rays are
electromagnetic waves which have very small wavelengths in the order of angstroms.
When the material is exposed to X-rays, scattering of the X-rays by the lattice of the
crystalline material occurs at characteristic angles. The scattered X-ray intensity is a
function of the atomic arrangements in the crystal which can be derived using
Bragg’s law:
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃

(3.1)

Where n is an integer, λ is the wavelength of the incident X-ray, d is the lattice
spacing of the crystal, and θ is the angle of incidence. In this doctoral work, X-ray
diffraction measurements were carried out using a scanning mode with a copper Kα
radiation source (λ = 1.5406 Å). The diffractometer used were GBC MMA and
Rigaku SA-HFM3.

3.4.2

Scanning Electron Microscopy

Scanning electron microscopy (SEM) is the main tool used to characterise the
morphology of the prepared nanostructured materials. Electron beam is bombarded at
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the specimen and secondary electrons produced from the sample were then collected
by the detector to give information of the surface topography of the sample.
Secondary electron imaging can offer very high resolution where features of 1 nm
can be resolved when optimised. For samples that are less-conductive, a thin layer of
platinum is sputter coated on the surface to prevent charge build up. The SEMs used
in this work are JOEL 7500F and FEI Nova NanoSEM.

3.4.3

Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a technique where electron beam is
transmitted through a very thin sample to give information such as morphology,
lattice spacing, crystal orientation and electron diffraction. TEM is capable for very
high resolution imaging. In some cases, atomic resolution can be achieved. Selected
area electron diffraction (SAED) is a very useful technique to analyse the
crystallographic information of the sample, which is often complimentary to XRD.
When high energy electrons are transmitted through crystalline sample, some
electrons are scattered at different angles depending on the crystal structure, giving
characteristic diffraction spot patterns. The TEM used in this experiment is the JEOL
2011 (200 keV).

3.4.4

Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is one of the variants of X-ray
fluoroscene spectroscopy which can give information of the elements present in the
sample. This technique analyses the characteristic X-rays emitted from the samples
after being bombarded by electrons. Qualitative and quantitative information of the
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chemical composition and elements can be obtained. The EDS system is usually
attached to SEM and TEMs. In this work, EDS analyses were used in both SEM and
TEM studies of the material.

3.4.5

Raman Spectroscopy

Raman spectroscopy is an important tool for analysis of the vibrational, rotational
and low frequency modes of the sample. A monochromatic light source, usually a
laser is used to interact with the molecular vibrations, phonons or other excitation of
the sample to give characteristic shifts in laser energy. In this work, Raman
spectroscopy was used as a complementary technique to XRD for identification of
the metals and metal oxides. In addition, information regarding the level of
graphitization of carbon was also obtained from the ratio of the characteristic D and
G bands shown by carbon samples. The facilities used in this work are the JOBIN
YVON HR800 with 632.8 nm laser and the WITec Alpha300R with 532.6 nm laser.

3.4.6

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a technique used to study the
absorption, emission, photoconductivity or Raman scattering in the infrared spectrum
of the sample material. FTIR yields similar, but complimentary information to
Raman spectroscopy. FTIR spectroscopy was used in this thesis to detect the
presence of surface oxide layer on the germanium nanoparticle samples. JASCO
FT/IR-4100 is the equipment used.
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3.4.7

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) gives information of the chemical or physical
change of the sample material as a function of increasing temperature, or as a
function of time at constant temperature. In this doctoral work, TGA is mainly used
to estimate the carbon content in composite samples. The composite samples were
heated to 800°C in air, where carbon will be oxidized into carbon dioxide. The
amount of carbon was calculated based on the recorded weight difference. Elemental
analyser is a complementary technique used to estimate the carbon content of the
sample.

3.4.8

Brunauer-Emmett-Teller Surface Area Analysis

The Brunauer-Emmett-Teller (BET) surface area analysis is based on the theory of
gas absorption of the surface of solid materials. The analysis is carried out at liquid
nitrogen temperature (77K) over many relative pressures. Samples have to be
degassed before analysis to provide more accurate results. Furthermore, based on the
Barrett-Joyner-Halenda (BJH) desorption method, pore size distributions of the
sample can be calculated from the isotherms obtained in the BET analysis. The
measurements were conducted on a Quantachrome Nova 1000.

3.4.9

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a qualitative method used to identify the
elemental composition, empirical formula, oxidation state and electronic state of the
elements present in the sample material. The XPS spectrum is a function of the
kinetic energy and the number of electrons that escape from the top surface layer of
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the material. Elements can be identified from the spectra based on the characteristic
binding energies associated with electrons in their orbitals. In this doctoral work, an
ion beam etching method was applied to all samples to remove top surface layer of
the sample before analysis to prevent any contamination from sample preparation.
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3.5

Electrochemical Characterization Methods

The electrochemical measurements to investigate the lithium storage properties of
the nanostructured materials include the preparation of electrode, assembly of coin
cells, galvanostatic cycling and cyclic voltammetry.

3.5.1

Coin-type Half-cell Assembly

The nanostructured active materials were first thoroughly mixed with conductive
additive (carbon black or Ketjen black), and binder (PVDF or PAA/CMC). A solvent
(NMP for PVDF, water for PAA/CMC) was added to form a homogeneous slurry
using a mortar and pestle or a rotary mixer. The slurry was then pasted onto metallic
substrates (copper for anode, aluminium for cathode) using a doctor blade technique.
The electrodes were then dried under vacuum at temperatures above 60°C for 2 hours
or more. Electrodes using the PVDF binder were pressed under 20 kg/cm2 to
improve the contacts. Electrodes using the PAA/CMM binder do not undergo
pressing treatment. The dried electrodes were punched (or cut) into 1 cm2 pieces and
moved into an argon filled glovebox. For the free-standing electrodes, no electrode
preparation process is needed.

Coin cells were assembled in a glove box (MBraun) with moisture level controlled
below 1 ppm. In some cases, the cells were assembled in industrial grade dry room.
CR2032 or CR2016 type coin cells were used in this doctoral work. The as prepared
electrode was placed at the positive cap followed by a polypropylene separator
(Cellgard), lithium disk, stainless steel spacer, and spring (no spring were used for
CR2016). 1 M LiPF6 in ether based solvents were used as the electrolyte. In a typical
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assembly, 2-3 drops of electrolyte is enough to soak the electrode and separator. The
negative cap was stacked after the spring and the assembly was crimpled to ensure
air tight sealing.

3.5.2

Galvanostatic Charge/Discharge

The capacity and cycling stability of the electrode materials were investigated using
galvanostatic charge/discharge tests using a constant current mode. The charge or
discharge capacity (Q) can be calculated from the applied current and the total
accumulated time used to fully charge or discharge. Rate performance of the
electrode materials can also be tested by varying the amount of current applied over
cycles. All the cells were tested at room temperature and on either a Land or a
WonATech battery tester.

3.5.3

Cyclic Voltammetry

Cyclic voltammetry (CV) is a widely used technique to probe the reactions involved
in an electrochemical cell. The potential at the working electrode is ramped linearly
at a specified scan rate and the response current is recorded. The CV curve is a
function of potential versus the current response. If a redox reaction is present in the
electrochemical reaction, a distinct peak can be observed at both the forward and
reverse scans. The scan rates used for CV in this doctoral work is 0.1 mV/s and the
tests were carried out on either a CHI660C or VMP3 electrochemical workstations.
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4 SELF-ASSEMBLED GERMANIUM/CARBON NANOSTRUCTURES AS
HIGH-POWER ANODE MATERIAL FOR THE LITHIUM-ION
BATTERY
4.1

Introduction

The automobile industry is currently shifting towards hybrid and electric vehicles
which are powered by electrochemical energy storage systems. However, these
“greener” alternatives still suffer from low mileage when compared to a full tank of
gasoline. Therefore, it is important to develop batteries that have high energy density,
high power density, and long cycle life. Lithium-ion batteries (LIBs) have been
widely used in the consumer market for portable electronic devices since their
introduction in the 1990s. This battery system is a more suitable candidate for
hybrid/electric vehicles compared to nickel metal hydride, alkaline, and lead-acid
batteries because of its higher volumetric and gravimetric energy density. There is
still room for improvement, however, in the case of the energy and power densities
of LIBs. One strategy to increase the performance of LIBs is to find alternative anode
materials that satisfy both requirements.

Germanium is an excellent candidate as anode material for LIBs when compared to
other metallic anode materials that undergo lithium alloying reactions, such as tin [13] and silicon [4-10]. This is because of its high theoretical capacity (1600 mAh/g,
4.4 Li+ per Ge), good lithium diffusivity (400 times faster than in silicon), and high
electrical conductivity (104 times higher than silicon). Nevertheless, the price of
germanium is the major drawback for the commercialisation of this anode material.
Furthermore, similar to silicon and tin, germanium suffers large volume changes
during lithium alloying/de-alloying reactions. With prolonged cycling, the
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mechanical stress causes electrode pulverization from the current collector, and this
leads to capacity fading. Various approaches have been reported to enhance the
cycling stability of germanium. These include using morphologies that have better
structural stability for accommodating volume changes (nanoparticles [11-12],
nanowires [13-15], nanotubes [16], and porous [17] and mesoporous [18] structures),
germanium based composites (tin-germanium [19], germanium/carbon nanotubes
[20-21]), germanium oxides [22], and carbon coating of germanium. The rate
capabilities of the germanium anodes that have been reported, however, need more
improvement in order to satisfy the requirements of power hungry electric vehicles.

Herein, a facile synthesis method to produce germanium/carbon nanostructures by
carbon coating and reduction of the oxide precursor is reported. When the particle
size of the germanium oxide precursor was varied, two different self-assembled
germanium/carbon nanostructures could be obtained, namely, a cluster (C)
nanostructure and a non-cluster (NC) structure. Hereafter, they are denoted as “CGe/C” and “NC-Ge/C”. Both germanium/carbon nanostructures displayed good
cycling stability at the 0.2 C rate (0.32 A/g) for over 50 cycles and at the 1 C rate
(1.6 A/g) for over 120 cycles. Surprisingly, the C-Ge/C shows exceptionally high
rate capability up to the 40 C rate (64 A/g). The NC-Ge/C, however, showed very
poor capacity retention at rates over 1 C. These two extremes demonstrate the
advantages of the nanostructured cluster, which will be further discussed.
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4.2

Experimental Methods

GeO2 nanoparticles were synthesized by hydrolysis of GeCl4. In a typical procedure,
2 ml GeCl4 (99.99%, Alfa Aesar) was added to 8 ml ethanol (99.9%, anhydrous,
Sigma Aldrich) and left to stir for 10 minutes. In a separate beaker, 8 ml de-ionised
water was added to 100 ml anhydrous ethanol and left to stir for 10 minutes. The
GeCl4 mixture was injected into the water/ethanol solution. Then, the mixture was
left to stir for 3 hours. The white precipitate was collected by centrifugation and
washed several times with ethanol before drying at 100°C to obtain the final product.

Hexagonal-like GeO2 particles were prepared using a reverse micelle system. In a
typical procedure, 6 ml de-ionised water, 18ml 1-pentanol (99%, Sigma Aldrich), 15
g (1-hexadecyl)trimethylammonium bromide (CTAB, 98%, Alfa Aesar), and 120 ml
heptane (99%, Sigma Aldrich) were mixed with vigorous stirring. In a separate
beaker, 4 ml germanium tetrachloride (99.99%, Alfa Aesar) in 4 ml tetrahydrofuran
(anhydrous, 99.9%, Sigma Aldrich) and 5 ml oleylamine (70%, Sigma Aldrich) were
added to 40 ml heptane with vigorous stirring. Both mixtures were then added to a
third beaker simultaneously and left to stir for 180 minutes. The white precipitate
was collected by centrifugation and washed with ethanol several times. Then, the
white powders were dried overnight in a vacuum oven at 100°C.

A brief summary of the synthesis procedure is shown in Figure 4.1. The germanium
oxide nanoparticle precursors were prepared by hydrolysis of GeCl4 in either a
water/ethanol mixture (< 100 nm) or a reverse micelle water/heptane system (~700
nm). Acetylene gas was chosen as the carbon source due to its ability to form a
uniform layer of carbon, and in the case of C-Ge/C, to simultaneously promote
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granulation of the composite, which is beneficial for reducing inhalation hazards
associated with nanoparticles. [8] Then, hydrogen gas was used as the reducing agent
in a thermally induced reduction process at 620°C to obtain metallic germanium. A
similar approach has been reported recently by Yang and Venoit [23] using a GeO2–
like sol and anodic alumina oxide template to synthesize germanium nanowires.

Figure 4.1 Schematic diagram of the synthesis method to prepare self-assembled
germanium/carbon nanostructures. Carbon coating on the precursors was achieved
with an acetylene/argon gas mixture at 620ºC. Then, germanium oxide was reduced
by a hydrogen/argon gas mixture.
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4.3

Materials Characterization

Figure 4.2 TEM images showing the formation of germanium/carbon
nanostructures from the germanium oxide precursors: (a) GeO2 nanoparticles; (b)
carbon coated GeO2 nanoparticles; (c) C-Ge/C; black arrows in (b,c) indicate that the
carbon shells have a thickness of about 3 nm; (d) hexahedral-like GeO2 (~700 nm);
(e) image of (d) after carbon coating; inset shows the carbon layer in the area
indicated by the white arrow; (f) NC-Ge/C particle, which is made up of many
germanium nanoparticles inside a carbon shell; inset shows the carbon shell at the
area indicated by the white arrow.

Figure 4.2 shows transmission electron microscope (TEM) images of the
transformation from GeO2 to Ge/C. After 1 hour of acetylene decomposition, a
uniform carbon layer was deposited on the sample surface. The thickness of the
carbon layer is around 3-5 nm and 6-10 nm, respectively, for the intermediates of the
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C-Ge/C and NC-Ge/C. 6 hours of reaction time is required (as shown in Figure
4.8(a)) to fully reduce GeO2 to Ge, which agrees with what has been reported in the
literature. [23]

After completion of the reduction process, voids and pores appeared inside the
carbon shells in both samples due to the associated volume changes. In addition, the
thickness of the carbon shell remained unchanged, signifying that the reduction
process is mainly induced by hydrogen and not carbon. The C-Ge/C sample shows
individual particles about 20 nm in size encapsulated in carbon shells, similar to a
yolk/shell structure. Another important feature of this sample is the interconnected
nature of the carbon shells (Figure 4.2(b) and (c)). Some empty shells are also seen in
Figure 4.2(c), and this may be due to the aggregation with neighbouring particles and
further growth, as indicated by the denser areas. On the other hand, various particle
sizes (20-200 nm) can be seen in the carbon shells of the NC-Ge/C. Most of the
particles are aggregated near the inner surface of the carbon shell, forming a hollow
core. To further determine the morphology and distribution of germanium in both
samples, energy dispersive X-ray spectroscopy (EDS) analysis was performed.
Figure 4.3 shows the element mapping of the corresponding micrographs of the CGe/C sample. Germanium was found to be mainly located inside of the carbon shells.
On the other hand, element mapping (Figure 4.4) and line scans (Figure 4.5) were
performed on a disintegrated NC-Ge/C particle to give evidence of the hollow
structure. Furthermore, the surface morphology of both samples was investigated
using scanning electron microscopy (SEM). In Figure 4.6(c) and (e), large clusters of
up to 10 micrometers in size can be seen, indicating the successful granulation of the
germania nanoparticles, and this structure remained after the reduction process. As
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for the NC-Ge/C (Figure 4.7), the sample is composed of mainly individual
polyhedra about 700 nm in diameter with quasi-hexagonal shapes. After carbon
coating and reduction, the size of the particles remained similar to that of the
precursor, and no granulation was observed. Some disintegrated particles can be
seen, and the hollow structure is also visible when inspected at higher magnification
(Figure 4.7(f)).

Figure 4.3 Energy dispersive X-ray spectroscopy analysis of the C-Ge/C sample: (a)
bright field and (b) dark field images from scanning transmission electron
microscope mode; images of distribution of (c) germanium, (d) carbon, and (e)
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oxygen in the corresponding electron micrographs; (f) corresponding energy
spectrum from the elemental mapping (Mg detection is due to overlapping with Ge;
Cu is from the copper grid).

Figure 4.4 Energy dispersive X-ray spectroscopy analysis of the NC-Ge/C sample:
(a) bright field and (b) dark field images from scanning transmission electron
microscope mode; images of distribution of (c) germanium, (d) carbon, and (e)
oxygen in the corresponding electron micrographs; (f) corresponding energy
spectrum from the elemental mapping (Mg and Ta detection is due to overlapping
with Ge or Cu; Cu is from the copper grid).
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Figure 4.5 Electron micrograph (a) of NC-Ge/C with the corresponding line profiles
from elemental analysis. The maxima at both ends of the particle (red line =
germanium) suggest a hollow structure; intensity vs. length plots of the
corresponding EDS line scans for (b) germanium, (c) carbon, and (d) oxygen.
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Figure 4.6 Scanning electron micrographs of (a,b) GeO2 nanoparticles; (c,d)
GeO2/carbon coated clusters; (e,f) C-Ge/C.
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Figure 4.7 Scanning electron micrographs of (a,b) GeO2 nanoparticles ~700 nm in
size, showing a hexagonal-like shape, along with some smaller particles that are also
found in the sample; (c,d) GeO2 after carbon coating; (e,f) NC-Ge/C; the hollow
structure can be seen from some of the disintegrated particles.
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Figure 4.8 (a) Powder X-ray diffraction patterns showing the gradual reduction
process of germanium from germanium oxide; (b) X-ray diffraction plots of
precursor germanium oxide and C-Ge/C.

X-ray diffraction (Rigaku SA-HFM3; Figure 4.8) was used to determine the phase of
the prepared samples. The diffraction pattern of GeO2 precursor can be indexed
(ICDD# 36-1436) to hexagonal structure of the P3221 (No.154) space group, and no
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impurity phases were detected. The peaks appear to be broadened, and this is an
indication of very small crystallite size. Similarly, diffraction peaks of Ge/C samples
appear broadened, and no impurity phases were detected. All the peaks can be
indexed (ICDD# 04-0545) to the diamond cubic phase of the Fd-3m (No. 227) space
group. In addition, no carbon peaks were detected, and this may be due to
overlapping with the (111) peak of cubic germanium.

Figure 4.9 (a) HRTEM image of NC-Ge/C: the lattice spacing of the (111) planes is
visible and was calculated to be 0.32 nm; (b) HRTEM image of C-Ge/C: the lattice
spacing of the (111) planes is visible and was calculated to be 0.32 nm. The carbon
layer around the germanium particles can be clearly seen and is around 3 nm thick.
Insets are the corresponding indexed FFT diffraction patterns.

In addition, high resolution transmission electron microscopy (HRTEM) was also
performed on the Ge/C samples, and the micrographs are shown in Figure 4.9. The
lattice spacing was measured to be about 0.32 nm, matching the d-spacing of (111)
planes in cubic germanium. The corresponding fast Fourier transform (FFT)
84

diffraction patterns, which are shown in the insets of the images, display patterns that
correspond to the diamond cubic phase.

Figure 4.10 Raman spectra of (a) NC-Ge/C and (b) C-Ge/C with the corresponding
GeO2 precursors. The 300 cm-1 peak is related to the vibrations in crystalline Ge, and
the D and G bands of carbon are detected at 1337 and 1605 cm-1. All the peaks of the
GeO2 precursors can be indexed to the characteristic GeO2 vibrations.
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Raman spectroscopy (WITec Alpha300R; 532.6 nm laser) was also performed on
both Ge/C samples, as shown in Figure 4.10, and confirms the presence of crystalline
germanium, which is represented by a sharp peak at 300 cm-1. Two other peaks that
are related to the D and G bands of carbon were also detected at 1337 cm-1 and 1605
cm-1. The intensity ratio of D/G for both samples was calculated (based on a
Gaussian fitting) to be 0.9, which represents microcrystalline graphitic carbon. [24]
The Raman spectra of GeO2 show peaks that match well with previous reports in the
literature. All of the peaks can be related to vibrations from GeO2. The bands at 167
and 260 cm-1 correspond to the complex translation and rotation of GeO4 tetrahedra,
while the band at 448 cm-1 is the symmetric Ge-O-Ge stretching. Ge-Ge stretching is
represented by the bands at 518 and 592 cm-1. Bands at 883 and 964 cm-1 correspond
to the Ge-O stretching motion with tetrahedral GeO4 units. The 773 cm-1 band is
most likely caused by the low temperature synthesis of GeO2.

The level of surface oxidation of germanium particles was investigated using Fourier
transform infrared (FTIR) spectroscopy (JASCO FT/IR-4100; Figure 4.11). The NCGe/C shows a small hump at 882 cm-1 which is related to germanium oxide, but no
germanium oxide peaks were detected in the C-Ge/C. EDS elemental mapping
results, however, show that only negligible amounts of oxygen are present in either
of the samples (< 3wt%). The FTIR spectra of GeO2 show a triplet at 516, 582, and
585 cm-1, which indicates the hexagonal structure of the crystal, and the band at 882
cm-1 is attributed to the vibration mode of GeO4 tetrahedra. The absorption bands at
728 and 753 cm-1 were caused by the P3221 symmetry of GeO2 nanocrystals
synthesized at low temperature. As for the spectra of Ge/C, no significant absorption
bands were detected, although a small hump centred at 882 cm-1, relating to GeO2, is
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detected in the NC-Ge/C spectrum. Therefore, it can be concluded that only very
minimal oxidation occurs on the surface of the germanium particles.

Figure 4.11 Fourier transform infrared spectra of (a) NC-Ge/C and (b) C-Ge/C with
the corresponding GeO2 precursors; all the peaks detected in the precursor GeO2
spectra can be assigned to vibrational modes of GeO2.

The carbon contents of the samples were investigated by carbon, hydrogen, nitrogen,
sulphur (CHNS) elemental analysis. They were determined to be 10 wt% and 20
wt% in the NC-Ge/C and C-Ge/C, respectively. Figure 4.12 shows the isotherm
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curves of both samples from Brunauer-Emmet-Teller (BET) analysis, and the insets
are the pore size distributions calculated using the Barrett-Joyner-Halenda (BJH)
desorption method. Total surface areas were determined to be 125 m2/g and 92 m2/g,
respectively, for C-Ge/C and NC-Ge/C.

Figure 4.12 BET isotherm plots and corresponding BJH pore size distributions
(insets) of (a) NC-Ge/C and (b) C-Ge/C.
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4.4

Electrochemical Characterization

Figure 4.13 (a) Cycling performance of the Ge/C samples at 0.2 C, inset is the
corresponding voltage profile of the first charge/discharge cycle; (b) cycling
performance of the Ge/C samples at 1 C charging rate over 120 cycles; (c) rate
performance of the Ge/C samples with increasing rate from 1 C to 40 C; (d) voltage
profiles of C-Ge/C sample corresponding to the rate performance test in (c); all the
cells were tested in the voltage range of 0.01-1.5 V vs. Li/Li+.

Figure 4.13(a) shows the cycling performance of both samples at the 0.2 C rate (0.32
A/g) for 50 cycles in the voltage range of 0.01 V to 1.5 V vs. Li/Li+. NC-Ge/C
showed higher initial capacity compared to C-Ge/C due to the higher germanium
content in the sample. The C-Ge/C sample showed excellent capacity retention with
negligible capacity fading (95% retention) after 50 cycles, while 80% capacity
retention was recorded for NC-Ge/C. The inset of Figure 4.13(a) shows the first
cycle voltage profiles of both samples. The first discharge and charge capacities were
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1720 mAh/g and 1184 mAh/g, respectively, for the C-Ge/C sample, corresponding to
a coulombic efficiency of 70%. This is lower than for NC-Ge/C, for which 85%
coulombic efficiency was recorded in the first cycle. The difference in efficiency is
mainly due to the larger surface area of C-Ge/C, where more solid electrolyte
interphase (SEI) layer is irreversibly formed. The electrochemical reaction of Ge/C
was determined using differential plots (dQ/dV vs. V), as shown in Figure 4.14, and
the reaction mechanism is similar to that previously reported for other germanium
anodes. [15]

Figure 4.14 Differential plots of (a) NC-Ge/C and (b) C-Ge/C; the black line
represents the 2nd cycle and the blue line represents the 50th cycle.
90

Figure 4.14(a) shows the differential plots at the 2nd and 50th cycles of NC-Ge/C at
the 0.2 C rate. Four peaks can be detected during the 2nd discharge, which can be
related to the lithium alloying reaction to form different LixGe alloys, as described by
Equation (4.1). [11, 15, 25]

Ge  Li9Ge4  Li7Ge2  Li15Ge4  Li22Ge5

(4.1)

For the 2nd charging, four peaks can be detected, and they correspond to the stepwise
removal of lithium. After 50 cycles, the peaks become less obvious during
discharging, and only one sharp peak is detected during charging. This is mainly due
to the reduction of particle size and partial amorphisation from the electrochemical
milling effect. On the other hand, the 2nd cycle differential plot of C-Ge/C is very
similar to the 50th cycle differential plot of NC-Ge/C. This is due to the smaller
germanium particles size of the C-Ge/C. The 50th cycle differential plot of C-Ge/C
shows broads humps for both charging and discharging, and this can also be
attributed to the amorphisation of crystalline germanium.

Furthermore, capacity retention of both Ge/C samples at the 1 C rate was tested, and
the results are shown in Figure 4.13(b). Capacity fading was observed until the 40th
cycle, and then the capacity remained relatively stable for the subsequent cycles. The
capacity retention recorded was 74% and 63%, respectively, for C-Ge/C (896
mAh/g) and NC-Ge/C (830 mAh/g) after 120 cycles. The specific capacity is still
considerably higher (at the 1 C rate) when compared to previous reports in the
literature [12-16, 18-21, 23, 25], with the exception of a 3-D porous Ge structure.
[17] The higher capacity and cycling stability of the C-Ge/C and NC-Ge/C samples
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can be attributed to the hollow/porous nature of the carbon shells, which can
accommodate the volume changes during lithium reactions. In addition, the porosity
caused by the hollow carbon shells can also increase the electrolyte diffusion to the
germanium nanoparticles. This is proven by the TEM images shown in Figure 4.15,
where the general morphology of the sample after 120 cycles of charge/discharge
remained similar to that of the freshly prepared sample for the C-Ge/C. Although the
shape of the NC-Ge/C particles (Figure 4.15(c)) changed, no significant
disintegration was observed, and the particle size is similar to that in the fresh
sample. The only significant change is the amorphisation of the germanium
nanoparticles after long-term cycling, which is similar to what occurs in other anode
materials that undergo an alloying reaction. [26-28]

Figure 4.15 (a) TEM image after cycling (120 cycles) of C-Ge/C; the porous carbon
shells and the interconnected carbon network remained similar to those in the asprepared sample; (b) higher magnification image showing a germanium particle in a
carbon shell; (c) TEM image after cycling (120 cycles) of NC-Ge/C, where the
morphology of the particle is different from that of the fresh sample (Figure 4.2).

Both samples were also tested for rate performance, and the results are plotted in
Figure 4.13(c). NC-Ge/C showed poor capacity retention when the C-rate was
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increased to 5 C and above, but the capacity was recovered when the rate was
returned to 1 C. The poor rate performance can be related to the polarization of the
anode material at higher currents, which is evident in the voltage profiles shown in
Figure 4.16. On the other hand, C-Ge/C showed excellent capacity retention at higher
rates. Negligible capacity loss is recorded for up to 15 C, and the capacity retention
at the 20 C rate is 91%. This is significantly higher than the previously reported work
on germanium nanotubes, which only managed to retain 60% capacity at 20 C. [16]
When the rate was further increased to 40 C (64 A/g), the capacity retention was
44%, and the specific capacity recorded is exceptionally high at 480 mAh/g. The
corresponding voltage profiles are plotted in Figure 4.13(d). It should be noted that
as the C-rate is increased, the increase in polarization is much lower compared to the
NC-Ge/C (Figure 4.16(a)).

In addition, cycling performance at 20 C and 40 C rates was also tested on the CGe/C sample. Figure 4.16(b) shows the cycling performance over 100 cycles.
Gradual capacity fading at the initial cycles, similar to the 1 C test, was observed for
both high rate cycling tests. At 20 C, the capacity after 50 cycles is 600 mAh/g. and
it remained relatively stable when further cycled. For the test at 40 C, the capacity at
the 50th cycle is 360 mAh/g, which remained stable for up to 100 cycles, which is
comparable to the theoretical capacity of graphite (372 mAh/g). To the best of our
knowledge, these are the highest capacity and rate capability ever reported for any
anode materials that undergo a lithium alloying reaction. [1-21, 23, 25] In this work,
a contributing factor to the excellent rate performance is the 3-dimensional network
of nanostructured carbon. The nanostructure and distribution of carbon are more
important factors than the amount of carbon present in the anode material. To prove
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the hypothesis, electrodes of the NC-Ge/C sample were prepared with increased
Ketjenblack content (with total carbon content higher than for the C-Ge/C sample
reported above). A rate capability plot of the NC-Ge/C with increased Ketjenblack
content (70:5:5:20; active material: polyacrylic acid: carboxy methyl cellulose:
ketjen black) is presented in Figure 4.16(c). Although the rate capability is improved,
it is still poor when compared to the C-Ge/C sample. The polarization effect can be
clearly seen from the voltage profiles of the NC-Ge/C sample at the 20, 30, and 40 C
rates presented in Figure 4.16(a).
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Figure 4.16 (a) Voltage profiles corresponding to the rate performance test (Figure
2(c)) of NC-Ge/C; (b) cycling tests of C-Ge/C at 20 C and 40 C rates; (c) rate
capability plot of the NC-Ge/C with increased Ketjenblack content (70:5:5:20;
AM:PAA:CMC:KB). Note that the first cycles were charged at 0.5 C.
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4.5

Conclusions

In summary, two Ge/C nanostructures have been synthesized through a facile selfassembly method. Controlling the size of the precursor germania nanoparticles
produces a clustered and a non-clustered nanostructure. In both structures, the
germanium nanoparticles were located inside the hollow carbon shells. The C-Ge/C
showed better capacity retention and exceptionally high rate performance. Adding
into consideration the facile synthetic method that forms the unique nanostructure by
self-assembly, the C-Ge/C has potential for being a high energy and high power
anode material for the lithium-ion battery. It can be concluded that the superior
electrochemical performance is due to the unique nanostructure, which provides
good electrolyte diffusion in the pores and good electronic conductivity through the
interconnected network of carbon shells. Moreover, the intrinsic properties of
germanium, such as the Li diffusivity and electronic conductivity, also contributed to
the electrochemical performance.
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5 CATALYTIC ROLE OF GERMANIUM IN HIGHLY REVERSIBLE
GEO2/GE/C NANOCOMPOSITE ANODE MATERIALS FOR LITHIUM
BATTERIES
5.1

Introduction

Graphite has been used as the commercial anode material since the introduction of
lithium-ion batteries (LIBs) in the 1990s, although it has a quite low theoretical
capacity of 372 mAh/g. Thus, much research has been focused on high capacity
materials such as silicon (4200 mAh/g), [1-6] germanium (1623 mAh/g), [7-13] and
tin (993 mAh/g) [14-19] to replace the graphite anode. The oxides of these metals
(SiO, [20-23] GeO2, [24-28] SnO, [29, 30] SnO2 [31-34]) are another group of
materials which can provide high lithium storage capacity. In addition, there is
widespread belief that during the first lithiation, Li2O is irreversibly formed. If the
Li2O component could be reversibly formed during cycling, these oxide materials
could theoretically store up to 8.4 Li+. This would make them attractive alternatives
as high capacity anode materials.

Germanium dioxide nanoparticles have been previously studied as anode material for
LIBs and were reported to react with up to 9 Li+ during the first discharge cycle. [26]
The lithium storage mechanism is described by an initial conversion reaction
(Equation (5.1)) followed by an alloying reaction (Equation (5.2)). The lithium-ions,
however, could not be fully removed in the subsequent charging cycle due to the
irreversible Li2O formation. This limits the theoretical lithium storage to 4.4 Li+ per
GeO2 (1126 mAh/g) compared to 8.4 Li+ (2152 mAh/g).
GeO2 + 4 Li+ → Ge + 2Li2O

(5.1)

Ge + 4.4 Li+ ↔ Li4.4Ge

(5.2)
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Recently, Kim et al. published a report on MGeO3 (M = Cu, Fe, and Co), in which
the reversible formation of Ge-O bonds during lithium insertion and extraction was
studied using X-ray absorption spectroscopy. [28] One of the key factors
contributing to the re-oxidation of metallic germanium during de-lithiation is the
presence of the transition metal nanoparticles. The metallic nanoparticles play a
catalytic role in the decomposition of Li2O and also form a conductive network
between germanium and Li2O to facilitate the re-oxidation of germanium. In
addition, an amorphous GeOx (x = 0.67) hierarchical structure was also reported
recently that showed a reversible conversion reaction. [24] As the GeOx contains GeGe and Ge-O bonds, with distances that are similar to the crystalline products, it is
possible that the extra germanium in the structure plays a similar role as to that of the
metallic copper in the work reported by Kim et al. In this work, the catalytic role of
Ge in GeO2/Ge/C nanocomposite anode is investigated using partially reduction of
the GeO2 in conjunction with the carbon coating process. The anode shows higher
capacity and better rate capability than GeO2/C nanocomposite.

101

5.2

Experimental Methods

GeO2 nanoparticles were prepared through hydrolysis of GeCl4 in a water/ethanol
system, as reported by us previously. [13] In a typical procedure, 2 ml GeCl4
(99.99%, Alfa Aesar) was added to 8 ml ethanol (99.9%, anhydrous, Sigma Aldrich)
and left to stir for 10 minutes. In a separate beaker, 8 ml de-ionised water was added
to 120 ml anhydrous ethanol and left to stir for 10 minutes. The GeCl4 mixture was
injected into the water/ethanol solution. Then, the mixture was left to stir for 3 hours.
The resultant white precipitate was collected by centrifugation and washed several
times with ethanol before drying at 100°C to obtain the final product.

The carbon coating process for the GeO2 nanoparticles was carried out in a
horizontal tube furnace using 10% acetylene in argon as the carbon source. The
powders were placed in an alumina crucible in the central heating zone. The tube was
then evacuated to eliminate air, and flowing 10% C2H2 in argon gas was introduced
at 200 mL/min. The sample was then heated to 520°C for 30 minutes and removed
from the furnace after cooling. For the synthesis of the GeO2/Ge/C, the reaction
temperature was increased to 650°C, while the reaction time remained 30 minutes.
The heating rate used for both experiments was 5°C/min. At least 3 batches were
prepared for each sample.

For electrochemical analysis, the samples were mixed with sodium carboxymethyl
cellulose (MW = 90000; Sigma Aldrich), polyacrylic acid (MW = 100000; Sigma
Aldrich), and Ketjenblack in a ratio of 70:7.5:7.5:15. De-ionised water was added to
form a homogeneous slurry, which was then pasted on copper foil using a doctor
blade. 2016 type coin cells were assembled in an argon filled glove box using lithium
metal as counter electrode, microporous polyethylene as separator, and 1.15 M LiPF6
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in ethylene carbonate/dimethyl carbonate/diethyl carbonate (EC/DMC/DEC; 3/4/3;
PanaxStarlyte) as electrolyte. The loading amounts of active materials for all
electrodes were 0.50 ± 0.05 mg/cm2 and 0.75 ± 0.05 g/cm3. The specific capacities
were calculated based on the active materials only (i.e. GeO2/Ge/C).
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5.3

Materials Characterization

A brief summary of the synthesis procedure is presented in Figure 5.1. The synthesis
of GeO2 nanoparticles through a simple hydrolysis method was reported in [13].
Hereafter, the as-prepared GeO2 nanoparticles will be referred to as “GeO2-nano”.
The GeO2-nano was heated to 520°C in acetylene/argon atmosphere for 30 minutes
to form a uniform carbon coating layer on each of the particles, and the resultant
sample is denoted as “GeO2/C”. When the reaction temperature was increased to
650°C, partial reduction of the GeO2 occurs in conjunction with the carbon coating
process. The resultant sample from this process is denoted as “GeO2/Ge/C”.
Reduction of the GeO2 occurs due to the higher temperature (> 600°C) and the
reducing species formed by the decomposition of acetylene. [4, 13] Acetylene gas
was chosen as the carbon source because of its ability to simultaneously granulate the
nanoparticles into large micrometer sized clusters and form a uniform carbon coating
layer.

Figure 5.1 Schematic representation of the synthesis of GeO2/Ge/C and GeO2/C
from GeO2 precursor.

In addition, this method is known to be able to preserve the surface area of the
precursor.[4] From the Brunauer-Emmet-Teller (BET) analysis (Figure 5.2), GeO2104

nano has a BET surface area of 109 m2/g, and after carbon coating, GeO2/C has a
BET surface area of 101 m2/g, which is a negligible reduction. The GeO2/Ge/C
shows a lower BET surface area of 79 m2/g, however, which is due to the reduction
of GeO2 to metallic germanium. In addition, the carbon coated samples were
characterized in an Elemental Analyzer (CHNS) to determine the amount of carbon
present in the sample. The GeO2/C and GeO2/Ge/C have 11 wt% and 23 wt% carbon,
respectively. The GeO2/Ge/C has a higher content of carbon due to the higher
reaction temperature and the lower mass after reduction of GeO2.

Figure 5.2 Isotherm curves of (a) GeO2-nano, (b) GeO2/C, and (c) GeO2/Ge/C from
BET analysis. Insets are the pore-size distributions calculated using the BarrettJoyner-Halenda (BJH) method.
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Figure 5.3 X-ray diffractions patterns of all the samples. The diffraction patterns of
all GeO2 samples matched hexagonal phase (ICDD# 36-1463) germanium dioxide,
and the peaks are indexed. The peaks marked with asterisks correspond to diamond
cubic germanium (ICDD#04-0545)

Figure 5.3 shows the X-ray diffraction patterns (XRD; Rigaku SA-HFM3) of the assynthesized GeO2-nano, GeO2/C, and GeO2/Ge/C. Micrometer-sized GeO2 (Sigma
Aldrich) was also characterized as a reference and control for the experiments.
Hereafter, the micron-sized GeO2 will be referred to as “GeO2-bulk”. The XRD
patterns of all the samples can be related to hexagonal phase (ICDD# 36-1463)
GeO2. It should be noted that the peaks of the GeO2-nano sample appear very broad
compared to GeO2-bulk. This is due to the amorphous and nanocrystalline nature of
the material. After carbon coating at higher temperature, the peaks in the GeO2/C
pattern remained similar to the pattern of GeO2-nano. This confirms that no reduction
of GeO2 occurs at 520°C. As for the two peaks marked with an asterisk in the XRD
pattern of GeO2/Ge/C, they can be related to the diamond cubic phase (ICDD#04106

0545) of germanium. This confirms the presence of two crystalline phases,
hexagonal GeO2 and diamond cubic Ge, in the sample. In order to determine the ratio
of GeO2 to Ge in the GeO2/Ge/C sample, Rietveld refinement was performed, and
the results are presented in Figure 5.4. The ratio of Ge to GeO2 in the sample was
determined to be 17:83. The weight fractions of the components in the composite are
64 wt% GeO2, 13 wt% Ge, and 23 wt% C.

Figure 5.4 Rietveld refinement of the GeO2/Ge/C sample, indicating a ratio of Ge to
GeO2 of 17:83. The weight percentages of the components in the composite are 64
wt% GeO2, 13 wt% Ge, and 23 wt% C. The red line is the original XRD pattern, the
blue line is the fitted profile and the short vertical lines mark the line positions of the
standards. The spectrum in the bottom panel is the difference spectrum.

The samples were characterized using Raman spectroscopy (WITec Alpha300R;
532.6 nm laser), and the spectra are presented in Figure 5.5(a). The spectrum of
GeO2-nano shows peaks that match well with previous reports in the literature, where
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all the peaks can be related to the vibrations of GeO2. [8] The bands at 883 and 964
cm-1 correspond to the Ge-O stretching within tetrahedral GeO4 units, while Ge-Ge
stretching is represented by the bands at 518 and 592 cm-1. The band at 448 cm-1 is
the symmetric Ge-O-Ge stretching, while the bands at 167 and 260 cm-1 correspond
to the complex translation and rotation of the GeO4 tetrahedra. The 773 cm-1 band,
which is not present in crystalline GeO2, is most likely caused by the low
temperature synthesis of GeO2. [13] The spectrum of GeO2/Ge/C shows a band at
300 cm-1 which corresponds to crystalline germanium and a band at 448 cm-1 which
corresponds to the Ge-O-Ge symmetric stretching of GeO2. These two peaks confirm
the results of XRD, where both germanium and GeO2 are present in the sample. Two
maxima at 1338 and 1594 cm-1 correspond to the D and G bands of carbon, with an
ID/IG ratio of 1, which indicates the disordered nature of the carbon. In the spectrum
of GeO2/C, only the D and G bands of carbon can be detected at 1347 and 1606 cm-1.
The reason for the absence of bands representing GeO2 could not be determined,
although characterization over several sample batches has been carried out. To
further investigate, Fourier transform infrared spectroscopy (FTIR; JASCO FT/IR4100; Figure 5.5) were performed on the GeO2/C sample to detect the presence of
GeO2. The spectrum of GeO2/C shows a triplet at 516, 552, and 585 cm-1, indicating
the hexagonal structure of the GeO2 crystal, and the band at 882 cm-1 corresponds to
the vibration mode of GeO4 tetrahedra. The spectrum of GeO2/Ge/C shows identical
peaks to the spectrum of GeO2/C, indicating the presence of hexagonal GeO2 in the
sample. The spectrum of GeO2-nano, however, includes two more absorption bands
at 728 and 753 cm-1, which correspond to the P3221 symmetry of GeO2 nanocrystals
synthesized at low temperature. [13]
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Figure 5.5 (a) Raman spectra of GeO2-nano, GeO2/C, and GeO2/Ge/C. The spectrum
of GeO2-nano shows peaks corresponding to GeO2. The spectrum of GeO2/Ge/C
shows a peak at 300 cm-1 corresponding to germanium. The D and G bands of
amorphous carbon are indicated by the peaks at 1338 cm-1 and 1594 cm-1 for
GeO2/Ge/C, and 1347 cm-1 and 1606 cm-1 for GeO2/C, respectively; (b) Fourier
transform infrared spectra of all the samples. All three samples show peaks
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corresponding to GeO2. The peaks at 753 cm-1 and 728 cm-1 correspond to GeO2
synthesized at low temperature.

Morphologies of the samples were investigated using transmission electron
microscopy (TEM) as shown in Figure 5.6. The GeO2-nano sample (Figure 5.6(a))
has particles about 10 nm in size (dense area), and they are further covered by an
amorphous layer (lighter area), which is due to the low temperature synthesis of the
GeO2-nano sample. This is consistent with the broad peaks shown in the XRD
pattern. After carbon coating, the amorphous layer is not observed, and this is due to
the high temperature process, which increases the crystallinity (Figure 5.6(b)). When
investigated using high resolution TEM (HRTEM), the average particle size of
GeO2/C was determined to be about 20 nm. Surprisingly, the carbon layer and the
lattice spacing of GeO2 could not be resolved (Figure 5.6(c)). This is due to the
deformation of the particles when focused under the electron beam. [35] Figure
5.6(d) presents a typical TEM image of GeO2/Ge/C, where the morphology of the
particles appears similar to that of GeO2/C (Figure 5.6(b)). When investigated under
HRTEM, the carbon coating layer clearly covers the nanoparticles, as marked by the
black arrows in Figure 5.6(e). Another interesting point to note is the inter-connected
carbon shell between neighboring particles. This is an important factor, as the
interconnected carbon shell network provides an efficient electronic route, which has
been reported previously. [13] The insets of Figure 5.6(f) show an enlarged image of
the area indicated by the white arrow and the corresponding fast Fourier transform
(FFT) diffraction pattern. The d-spacing was measured to be 0.32 nm, which
corresponds to the spacing of the (111) planes of cubic germanium. Similar to the
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GeO2/C sample, no lattice spacing of GeO2 can be observed, which is due to the
electron beam induced deformation.

Figure 5.6 (a) Transmission electron microscope (TEM) image of GeO2-nano with
dense and light areas indicating crystalline and amorphous regions of the sample.
(b,c) TEM images of GeO2/C sample showing similar particle size to the GeO2-nano
sample after carbon coating. The sample deforms under electron beam irradiation,
and therefore, no lattice spacing could be observed. (d) TEM image of GeO2/Ge/C
sample showing similar morphology to the GeO2/C sample. (e) HRTEM image of
GeO2/Ge/C. The black arrows show the carbon coating layers. (f) HRTEM image of
GeO2/Ge/C, the insets are an enlarged image of the area indicated by the white arrow
(left) and the corresponding FFT pattern. The d-spacing of 0.32 nm corresponds to
the (111) plane of germanium.
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The surface morphologies of all the samples were investigated using a field-emission
scanning electron microscope (FE-SEM). Figure 5.7(c) and (d) shows the
morphology of the GeO2-nano sample. No large clusters can be observed at low
magnification, while at high magnification, the individual particles are rather small.
After carbon coating, the granulation effect from the acetylene gas can be observed.
Figure 5.7(e) presents a FE-SEM image of the GeO2/C sample, which is composed of
large granules up to 50 micrometres in size. At higher magnification (Figure 5.7(f)),
the particle size remains relatively small, and the morphology is identical to that of
GeO2-nano. The surface morphology of the GeO2/Ge/C shows similar morphology to
the GeO2/C sample, where granulation was observed and the individual particle size
remains relatively small. This is consistent with the BET analysis results described
previously. In addition, the morphology of the GeO2-bulk sample is presented in
Figure 5.7(a) and (b), consisting of large particles with diameters up to 30
micrometers. At higher magnification, it can be seen that each particle is made up of
rod-like agglomerates.
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Figure 5.7 (a) Low magnification SEM image of the GeO2-bulk sample. (b) Higher
magnification image of the GeO2-bulk sample. (c,d) SEM images of the GeO2-nano
sample. Large clusters were not observed, and the individual particles were less than
100 nm in size. (e,f) SEM images of GeO2/C sample. Clusters of up to 30
micrometers can be observed, and the particle size remains similar to that of GeO2nano. (g,h) SEM images of the GeO2/Ge/C sample. Clusters of up to 30 micrometers
can be observed, and the individual particle size is similar to those of both GeO2nano and GeO2/C.
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5.4

Electrochemical Characterization

Lithium storage performances of the samples were tested in a coin type half-cell. In
order to study the conversion reaction, a wide potential window of 0.01 V to 3.0 V
was used for all the tests. The cycling performances of all samples are plotted in
Figure 5.8(a), and the corresponding first cycle voltage profiles are plotted in Figure
5.8(b). For the first cycle, all the cells were discharged and charged at the 0.05 C-rate
(1 C = 2.1 A/g = 1.05 mA/cm2), and in subsequent cycles the discharge was set to the
0.5 C-rate and the charge to the 1 C-rate. At the first cycle, the GeO2-bulk exhibits
discharge and charge capacities of 1587 mAh/g and 511 mAh/g, respectively,
corresponding to coulombic efficiency of 32%. Even though the GeO2-bulk sample
shows very low capacity, the capacity retention at higher rates is excellent. The
charge capacity at the 1 C-rate remains 360 mAh/g over 50 cycles with negligible
fading. Furthermore, the coulombic efficiencies of more than 99% after the first
cycle agree with the stable cycling performance (Figure 5.13(a)). Nanosized
particles, on the other hand, show enhanced capacity due to the larger surface area
and shorter lithium reaction pathways, which is evident from the GeO2-nano sample.
The first discharge and charge capacity of GeO2-nano at the 0.05 C-rate is 2444
mAh/g and 1348 mAh/g, respectively, and the coulombic efficiency is 55%. The first
discharge cycle shows reaction of 9.5 Li+, which is higher than the theoretical 8.4 Li+
reaction. The additional 1.1 Li+ could be attributed to the formation of the solid
electrolyte interphase (SEI) layer on the surface of the material. The first charge
capacity of GeO2-nano shows higher capacity compared to the theoretical 4.4 Li+
reaction of GeO2 (1127 mAh/g). This is due to the re-oxidation of germanium to
form germanium oxides, which will be further discussed below. In the subsequent
cycling at the 1 C-rate, the GeO2-nano sample presents stable capacity of 1180
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mAh/g up to the 7th cycle, and then the capacity fades gradually to 450 mAh/g after
50 cycles. The capacity fading can also be related to the sharp drop in the coulombic
efficiency after the 7th cycle (Figure 5.13(a)). The capacity fading and the drop in
coulombic efficiency can be related to the pulverization of the electrode material,
where more active materials lose contact with the current collector after repeated
cycling due to the volume expansion. In addition, the effects of the carbon coating on
the electrochemical performance of GeO2 can be seen from the GeO2/C sample. The
first discharge and charge capacities at the 0.05 C-rate are 2682 mAh/g and 2000
mAh/g, respectively, which correspond to 75% coulombic efficiency. The first cycle
charge capacity of GeO2/C is comparable to the GeO2 theoretical capacity of 2152
mAh/g (8.4 Li+), considering that the specific capacity calculated includes the carbon
component in the sample, which is 11 wt%. Therefore, carbon-coating improves the
coulombic efficiency by 20%, and it also enhances the reversibility of germanium reoxidation during charging. Although the capacity and coulombic efficiency were
increased tremendously, initial capacity fading from the 2nd to the 12th cycle is
observed for the GeO2/C sample cycled at the 1 C-rate. The capacity drops from
1865 mAh/g to 1400 mAh/g, and then the capacity is stable afterwards at 1400
mAh/g up to the 50th cycle. The coulombic efficiency of GeO2/C also follows a
similar pattern, where a drop in efficiency was observed up to the 12th cycle, and
then the efficiency improved and stabilized to 99% up to the 50th cycle (Figure
5.13(a)). As for the GeO2/Ge/C sample, the first cycle discharge and charge capacity
is 2293 mAh/g and 1872 mAh/g, respectively, and the coulombic efficiency is 82%.
The higher coulombic efficiency of GeO2/Ge/C compared to GeO2/C can be
explained by the lower BET surface area and lower GeO2 ratio. For charge at the 1
C-rate, 1770 mAh/g was recorded at the 2nd cycle, and a slight increase in capacity is
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observed up to the 30th cycle (1860 mAh/g). Then, slight capacity fading is observed,
and the capacity recorded at the 50th cycle is 1650 mAh/g. The extra capacity
recorded for the GeO2/Ge/C sample (theoretical capacity = 2152*0.64 + 1623*0.13 =
1588 mAh/g) can be due to: 1) lithium storage in the disordered carbon shells; 2)
interfacial storage of Li-ions; 3) pseudocapacitance of Li-ions. The coulombic
efficiency of GeO2/Ge/C at the 2nd cycle is 99%, however, the efficiency gradually
fades to 96% over 50 cycles. This trend is consistent with the gradual capacity fading
of the GeO2/Ge/C during cycling at the 1 C-rate.

Figure 5.8 (a) Cycling performance of all the samples for 50 cycles at the 1 C-rate;
(b) voltage profiles of all the samples at the first cycle at the 0.05 C-rate; (c) rate
performance of all the samples at the 0.1 C-rate, 0.5 C-rate, 1 C-rate, 2 C-rate, 5 Crate, and 10 C-rate; (d) voltage profiles of the GeO2/Ge/C sample at various rates.
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The lithium storage mechanisms of all the samples were investigated using cyclic
voltammetry (CV), and the profiles are plotted in Figure 5.9. Three CV cycles were
tested for each sample at the scan rate of 0.1 mV/s. In the first reduction scan of the
GeO2/Ge/C sample (Figure 5.9(a)), a shoulder at about 1.3 V could be related to the
formation of a vitreous phase lithium germanate and subsequent formation of
amorphous LixGeO2. [26] The peak at 1.1 V is most probably due to formation of the
SEI layer, as it is not reversible. In the voltage region between 0.75 V and 0.01 V,
the peaks can be related to the lithium reactions with GeO2, which are described by
the conversion reaction (Equation (1)) and the alloying reaction (Equation (2)). In the
corresponding oxidation scan, the broad peak from 0.3 V to 0.7 V can be related to
the de-alloying reaction, where lithium is removed from the Li-Ge alloy. Two broad
humps at 1.1 V and 1.7 V can be related to the re-oxidation of germanium to
germanium oxide. Although the re-oxidation of Ge to GeO2 remains ambiguous,
several metals and metalloids show similar peaks at these voltages, which correspond
to the conversion reaction. Sandu et al. used Mossbauer spectroscopy to study the
conversion mechanism of SnO2, and they found that the re-oxidation reaction occurs
above 1.0 V. [36] More recently, Chen et al. showed evidence of a reversible
conversion reaction of SnO2 using ex-situ X-ray photoelectron spectroscopy (XPS)
and TEM experiments. [32] They too assigned the re-oxidation reaction to the
voltage region above 1.0 V. Furthermore, direct evidence of the re-formation of GeO bonds in the charging cycle of a CuGeO3 half-cell was observed by Kim et al.
using X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectroscopy

[28]

Based on these results, it is proposed that

re-oxidation of Ge occurs during the oxidation scan (i.e., the charging cycle of the
half-cell) in the GeO2/Ge/C sample.
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Figure 5.9 Cyclic voltammetry profiles of (a) GeO2/Ge/C, (b) GeO2/C, (c) GeO2nano, and (d) GeO2-bulk at the scan rate of 0.1 mV/s for 3 cycles.

The re-oxidation is confirmed by ex-situ XPS at various depths of charge/discharge,
as shown in Figure 5.10. It should be noted that the spectra shown in Figure 5.10
were analyzed after etching of about 90 nm from the surface using an ion gun in the
XPS instrument. From the XPS spectrum of GeO2/Ge/C at discharge to 1 V, two
obvious peaks indicated by the green (29.6 eV) and blue lines (32.4 eV) correspond
to the Ge-Ge and Ge-O bonds, respectively. After discharging to 0.01 V, the peak
indicating the Ge-O is not observed, which is due to the full conversion of GeO2 to
form Ge and Li2O. In addition, the peak indicating Ge-Ge bonds has shifted to lower
energy, which might be due to the formation of LixGe alloys. When the samples were
charged to 2 V and 3 V, the Ge-O peak at 32.4 eV is observed, which indicates the
re-oxidation of germanium. Moreover, GeO2/C (Figure 5.9(b)) also exhibits similar
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CV profiles to the GeO2/Ge/C sample. The only variation is the decrease in
reversibility of the conversion reaction component of the sample. This result is
consistent with the cycling test in Figure 5.8(a), where capacity fading is observed in
the first few cycles. Likewise, the GeO2-nano and GeO2-bulk samples show a small
hump indicating the re-oxidation of germanium in the oxidation scans. This explains
the higher capacity shown by the GeO2-nano sample in the first cycle (Figure 5.8(a);
1384 mAh/g compared to theoretically 1127 mAh/g for 4.4 Li+ reaction).

Figure 5.10 Ex-situ X-ray photoelectron spectroscopy analysis of the GeO2/Ge/C
sample at various depths of charge/discharge. At discharge to 1 V, the spectrum
shows peaks indicating both Ge (green line) and GeO2 (blue line). After discharging
to 0.01 V, the peak indicating GeO2 disappears. On charging to 2 V, the GeO2 peak
re-appears, indicating oxidation of germanium. At 3 V, the GeO2 peak becomes
stronger.
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Figure 5.11 Differential plots of (a) GeO2-bulk, (b) GeO2-nano, (c) GeO2/C, and (d)
GeO2/Ge/C at the 15th cycle. The insets are the corresponding voltage profiles.

From the cycling performance curves, the reversibility of the conversion reaction of
GeO2 was found to be related to the carbon coating (GeO2/C) and the introduction of
metallic germanium (GeO2/Ge/C) into the sample. In order to further understand this,
the differential plots of all samples at the 15th cycle and the corresponding voltage
profiles (the insets) are presented in Figure 5.11. Through investigation of the
differential plots and the voltage profiles, it was found that the conversion reactions
in GeO2-nano and GeO2-bulk were less reversible compared to the GeO2/C and
GeO2/Ge/C samples. The small hump at 1.1 V in the charging cycle indicating reoxidation of germanium was not observed after the 15th cycle in either the GeO2nano or the GeO2-bulk samples. As for the GeO2/C sample, the 1.1 V hump is still
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visible, however, the voltage profile at the 15th cycle shows that the plateau at 1.1 V
has been significantly reduced. These results are consistent with the cycling
performance. Thus, the observed capacity fading can be related to the decrease in
reversibility of the conversion reaction. The alloying reaction, on the other hand,
shows good reversibility for both the GeO2/C and the GeO2-nano samples. In the
case of the GeO2/Ge/C sample, both the alloying and the conversion reaction with
lithium are highly reversible. The charging curve of the 15th cycle shows an almost
identical profile to that of the 1st charging cycle. From these results, it can be
concluded that nanosize particles are very important to enable the reversible
conversion reaction. This is because nanoparticles have a larger surface area, which
promotes the reaction kinetics. In addition, nanoparticles are known to show a
smaller absolute volume change, which could keep the Li2O and Ge in close
proximity for the decomposition of lithia and simultaneous oxidation of germanium.
[37] Furthermore, the carbon coating is an important factor in increasing the
reversibility of the conversion reaction. As carbon is highly conductive, the
interconnected carbon shells of the GeO2/C and GeO2/Ge/C samples would provide
an efficient network for electron transfer, which in turn increases the kinetics of the
lithium reactions. Moreover, the carbon shells could act as a buffer matrix to limit
the volume variation during charge and discharge cycles. [38] Another important
factor that was found in this work is the catalytic effect of germanium in the
decomposition of Li2O. Kim et al. reported the catalytic effect of copper in
promoting the decomposition of Li2O and facilitating the oxidation of germanium in
CuGeO3. [28] The germanium in the GeO2/Ge/C sample plays a similar role to that
of the Cu in the CuGeO3. This can be seen from the excellent reversibility of the
conversion reaction, even after 50 cycles at high rates. In addition, a schematic
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representation of the lithium reaction with GeO2-nano, GeO2/C, and GeO2/Ge/C
which summarizes the above points is presented in Figure 5.12.

Figure 5.12 Schematic representation of the lithium reaction mechanism in all the
samples. A reversible conversion mechanism of GeO2 can be observed for GeO2nano, GeO2/C, and GeO2/Ge/C. The nanosized GeO2 particles are crucial for
enabling the conversion reaction, while the carbon coating can improve the
reversibility. The elemental germanium in GeO2/Ge/C plays a crucial role as a
catalyst in improving the reversibility of the conversion reaction of GeO2.

Rate capabilities of the cells up to the 10 C-rate (21 A/g = 10.5 mA/cm2) were also
tested, and the results are plotted in Figure 5.8(c). The rate capability of the anode
material is very important, especially for applications in electric vehicles. [39, 40]
The GeO2-nano sample showed good rate capability, with charging capacity of 965
mAh/g, 915 mAh/g, 842 mAh/g, and 775 mAh/g recorded at the 1 C-rate, 2 C-rate, 5
C-rate, and 10 C-rate, respectively. When the rate was reduced to 0.1 C, the capacity
122

recorded was only 870 mAh/g compared to the 1400 mAh/g recorded for the initial
0.1 C-rate cycles. This is consistent with the cycling results, where capacity fading
was observed. As for the GeO2/C sample, the capacity recorded at the 1 C-rate, 2 Crate, 5 C-rate, and 10 C-rate was 1300 mAh/g, 1250 mAh/g, 1200 mAh/g, and 1050
mAh/g, respectively. The capacity was also recovered when the rate was reduced to
0.1 C (1350 mAh/g) again. The GeO2/Ge/C sample shows the best rate capability
among all the samples. At the 0.1 C-rate, the capacity recorded was 1850 mAh/g and
the capacity recorded at the 0.5 C-rate was 1800 mAh/g. When the charging rates
were increased to 1 C, 2 C, and 5 C, negligible capacity fading was observed, and the
capacity recorded at the 5 C-rate was 1750 mAh/g. As the rate was further increased
to 10 C, only a slight decrease in capacity was observed, and the capacity recorded
was 1680 mAh/g. When the rate was reduced to 0.1 C, the capacity was fully
recovered to 1850 mAh/g. The capacity at the 10 C-rate only showed a 10% decrease
from the capacity recorded for the 0.1 C-rate cycles. The corresponding voltage
profiles of the GeO2/Ge/C sample at different rates are presented in Figure 5.8(d). It
should be noted that as the rate increased, only a slight increase in polarization was
observed. The excellent rate capability of the GeO2/Ge/C sample is due to several
factors. Firstly, the nanosize nature of the individual particles provides higher surface
area and shorter pathways for the lithium reactions. Secondly, the interconnected
carbon shells, which form large clusters of up to 30 micrometers in size, provide a
network of electronic pathways, which could increase the kinetics of lithium
reactions. In addition, the unique nanostructure keeps the germanium and lithium
oxides in close proximity after the discharge cycles, and therefore, it enhances the
kinetics of the oxidation of germanium. From the Raman spectra of both GeO2/Ge/C
and GeO2/C samples (Figure 5.5(a)), the ID/IG were determined to be 1 and 0.95,
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respectively. This indicates that both are disordered carbon, and therefore, its effects
on the electrochemical performance would not be significantly different due to the
similarity of the ID/IG.

Figure 5.13 (a) Coulombic efficiency of the cells (corresponding to Figure 5.8(a))
tested at 1 C; (b) cycling performance of the GeO2/Ge/C and GeO2/C samples at 1C
(2.1 A/g) with higher loading of 1.4 mg/cm2; (c) cycling performance of the
GeO2/Ge/C and GeO2/C samples at 10 C (21 A/g) with loading of 0.5 mg/cm2.

Furthermore, the GeO2/Ge/C and GeO2/C samples were tested at 1C with a higher
loading of active materials (1.4 mg/cm2), and the results are shown in Figure 5.13(b).
Both samples shows lower capacity compared to those tested with a lower loading
amount (Figure 5.8(a)). This is due to the poorer kinetics of a thicker electrode.
Nevertheless, the GeO2/Ge/C sample still shows stable cycling performance over 50
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cycles with capacity retention of 1100 mAh/g. In order to study the cycling stability
at higher rates, GeO2/Ge/C and GeO2/C were tested at 10 C over 50 cycles, and the
results are shown in Figure 5.13(c). The capacity of GeO2/Ge/C was 1650 mAh/g,
which is comparable to the capacity from the rate capability tests (1680 mAh/g;
Figure 5.8(c)). Slight capacity fading was observed after the 40th cycle similar to the
cycling tests at the 1 C rate. The GeO2/C sample showed very poor cycleability at the
10 C rate, where a sharp drop in capacity was observed from the initial cycling. The
results from the cycling test at the 10 C rate shows that the additional Ge in the
GeO2/Ge/C plays a crucial role as a catalyst to ensure the reversibility of the
conversion reaction at high rates.
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5.5

Conclusions

In conclusion, partial reduction of GeO2/C led to the formation of Ge/GeO2/C
nanocomposite, which demonstrated high capacity and good rate capability up to the
10 C rate. Such results were due to the reversible conversion reaction of the GeO2
component by the catalytic effect of the Ge. It was found that the nanosized particles,
the carbon coating, and the elemental germanium in the composite all play crucial
roles in activating and improving the kinetics of the conversion reaction.
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6 TIN-ANTIMONY/GRAPHENE COMPOSITE AS ANODE MATERIAL
FOR LITHIUM-ION BATTERIES
6.1

Introduction

Rechargeable lithium-ion cells have become an integral part of the portable
electronic device market, as almost all of our portable devices are powered by
this battery technology. Although consumer and performance demands have
increased rapidly over the last decade, the slow pace of technological advances
has become the major drawback of this battery technology. The electrochemical
performance of the battery depends largely on the physical and chemical
properties of its electrode materials. Since being commercialised by Sony in
1991, [1] the anode material market has been dominated by graphite, which
theoretically provides 372 mAh/g of energy density. Ever since, there has been
extensive research into elements that can reversibly react with lithium. Tin and
silicon are regarded as candidates to replace graphite because of their large
theoretical capacity. The use of these elements is restricted, however by their
large volume expansion during lithium intercalation. This phenomenon has led to
the introduction of matrix compounds that buffer volume expansion of the active
material. Carbon coatings and alloying with other metals that are inert to lithium
reaction (Cu, Fe, Ni, etc.) have proved effective in prolonging the cyclability of
the active material. [1-2] On the other hand, a combination of two active elements
that reversibly react with lithium at different potentials would have a greater
advantage, as they would keep the electrode at higher energy density. The best
examples are shown by SnSb [2-4] and InSb [1-2] alloys.

Recently, the discovery of graphene has initiated many studies into its usage in
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the lithium-ion battery area. Theoretically, graphene is predicted to have twice the
capacity of graphite (744 mAh/g) because lithium can be absorbed onto both
sides of the carbon sheet. [5] Graphene is also known to have ballistic properties
at ambient temperature. This is due to its sp2 lattice, which enhances the electron
transfer across the sheets. [6-7] In addition, the graphene sheets acts as a buffer
matrix to prevent aggregation of the nanoparticles during cycling. It was reported
by Wang et al. [7] that graphene has a 460 mAh/g capacity up to 100 cycles. A
three-dimensional (3-D) structured composite of Sn nanoparticles chemically
bound to graphene sheets was also reported by the same group. [5] It shows
promising performance, as the metallic particles effectively prevent the
restacking of the graphene sheets.

In this work, an in situ reduction method was used to synthesize a SnSb/graphene
composite with a 3-D structure. Enhanced electrochemical performance and its
relation to the dual (macro- and nano-scale) buffering effect are reported.
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6.2

Experimental Methods

Graphene oxide powders were synthesized using the modified Hummers’ method
described by Kovtyukhova et al. [8] The powders were then dispersed in deionized water by ultrasonication to form a 0.5wt% solution. 50 ml of the graphene
oxide solution, 0.138 g SnCl2.2H2O (Sigma Aldrich), 0.092 g SbCl3 (Sigma
Aldrich), and 3.85 g sodium citrate (Sigma Aldrich) were ultrasonicated for 2
hours to form a homogenous mixture. A 15 ml mixture of 1 M NaOH and 1 M
NaBH4 was also prepared as a reductive solution. Both the solutions were cooled
in an ice bath to 3°C. The reductive solution was poured into a burette and added
drop-wise to the precursor mixture while stirring. The resulting suspension was
separated by centrifuge and washed several times with de-ionized water, then
with dilute HCl, and finally with acetone. The black precipitate was dried in a
vacuum oven at 40°C overnight.

The structure and morphology of the SnSb/graphene composite were analysed by
X-ray diffraction (XRD; GBC MMA), field emission scanning electron
microscopy (FE-SEM; JEOL JSM 7500FA), transmission electron microscopy
(TEM; JEOL 2011), and Raman spectroscopy (JY HR 800; HeNe 632.81 nm).
The weight content of the SnSb alloy in the composite was determined by
washing 100 mg of the product in warm dilute HCl to dissolve the metal alloy.
Then, the dispersion was filtered, washed, and dried in a vacuum oven. By
weighing the final product, the metal alloy content was determined to be 30%. In
addition, the weight ratio of graphene to SnSb alloy in the composite was also
determined from the energy dispersive X-ray (EDX) spectroscopy facility
attached to the FE-SEM. The SnSb/graphene composite powders were
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characterised on an indium substrate. The results are in agreement with the
previous method, indicating 30% SnSb by weight.

The SnSb/graphene composite was mixed with a binder, poly(vinylidene
fluoride), in a 80:20 weight ratio in N-methyl-2-pyrrolidone (NMP) solvent to
form a homogenous slurry. The slurry was spread uniformly on a copper foil
substrate and then dried in a vacuum oven at 60°C for 24 hours. The dried sheets
were pressed under approximately 200 kg/cm2 before assembling into CR2023type coin cells in an argon-filled glove box. Lithium metal was used as the
counter electrode, and 1 M LiPF6 in a 1:1 mixture of ethylene carbonate and
dimethyl carbonate was used as the electrolyte. The cells were charged and
discharged

galvanostatically

under

constant

current

conditions.

Cyclic

voltammetry (CV) curves were collected using a CHI660C electrochemical
workstation.
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6.3

Materials Characterization

The as-prepared SnSb/graphene composite was first investigated using X-ray
diffraction to determine the chemical composition. The diffraction pattern plotted
in Figure 6.1(a) shows strong peaks,

indicating the crystalline nature of β-

rhombohedral SnSb alloy (ICDD #33-0118). There is no evidence to suggest the
presence of any other metal or alloy phase. In addition, the relatively weak
intensity of graphene is portrayed by a hump centred around 26°, indicating the
(002) plane. The broad nature of the peak suggests poor ordering of graphene
sheets along the stacking direction. [9]

Figure 6.1 (a) X-ray diffraction pattern of SnSb/graphene composite. (b) Raman
spectra of SnSb/graphene composite, bare graphene, and SnSb nanoparticles.
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To further investigate the crystalline properties, Raman spectroscopy was
performed on the sample, and the resulting spectrum is plotted in Figure 6.1(b).
The spectra of SnSb nanoparticles and graphene are included in the plot as
references. The small peak at 448 cm-1 is from the tin antimony alloy particles,
while the D and G bands of graphene are indicated by the peaks at 1334 cm-1 and
1590 cm-1, respectively. The G band corresponds to the first order scattering of
E2g phonons of sp2 carbon atoms, while the D band is the breathing mode of A1g
κ-point phonons. [10] The prominent D bands in graphene compared to graphite
and the increased D/G intensity ratio signify decreased in-plane sp2 domain sizes
and a partially disordered crystal structure for the graphene, which is in
agreement with the XRD results. [11]

The crystalline structure of the composite was further analysed using TEM and
high resolution TEM (HRTEM). SnSb nanoparticles are distributed across the
graphene sheets, as shown in Figure 6.2(a). The nanoparticles appear as
agglomerates of up to 30 nm in the sample. The inset of Figure 6.2(a) shows the
corresponding selected area electron diffraction (SAED) pattern. All the rings and
dots can be indexed to the β-rhombohedral SnSb phase, with the exception of the
smallest ring, which is indexed to the (002) plane of graphene with a calculated dspacing of 0.37 nm, which is larger than the 0.34 nm attributed to pristine
graphite. Figure 6.2(b) presents the HRTEM image of the composite, and the
inset image shows a 4 nm nanoparticle, which has a d-spacing that corresponds to
the (101) plane of β-rhombohedral SnSb. Further investigation of the high
resolution image reveals the wavy lattices of graphene with thicknesses that range
from single layer to 15 layer stacks. In addition, the white circle in Figure 6.2(b)
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indicates SnSb nanoparticles trapped between the corrugated graphene layers.

Figure 6.2 (a) TEM image of SnSb/Graphene composite showing the distribution of
the nanoparticles across the graphene sheets. Inset is the corresponding SAED
pattern. (b) High resolution TEM image showing SnSb nanoparticles and graphene
sheets. The white circle indicates SnSb nanoparticles trapped between the graphene
stacks; the inset is a HRTEM image with the d-spacing of the SnSb nanoparticles. (c)
FE-SEM image of SnSb/graphene composite. (d) High magnification FE-SEM image
of SnSb/graphene composite with SnSb nanoparticles spread across the surface, as
indicated by the bright spots.
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The surface morphology of the SnSb/graphene composite was observed using FESEM, and a typical image is shown in Figure 6.2(c), where the general structure
of the graphene nanosheets is crumpled and wavy. This is because corrugation
and scrolling is a natural way for 2-dimensional sheets to reduce surface energy.
Through folding, entangling, or restacking, the graphene sheets become
thermodynamically stable. [7, 12] In addition, bulk graphene powder can be
considered porous because of its corrugated nature, where nanocavities and
nanovoids exist. Additionally, Figure 6.2(d) shows a high magnification image of
the prepared composite. Bright spots indicating SnSb nanoparticles are
homogeneously dispersed across the surface of the sheets.

Figure 6.3 In-situ reduction mechanism of the SnSb/graphene composite.

Moreover, the SnSb particles that are found to be deposited between the graphene
layers can act as a spacer to prevent restacking. This phenomenon is possible due
to the in-situ chemical reduction of the alloys and the graphene oxide sheets, as
shown in Figure 6.3. Graphene oxide dispersion is used as the precursor, and it is
known to have epoxyl and hydroxyl moieties on the basal plane and carboxylic
acid groups on the edge sites. [8] When the metal salts are added to the
dispersion, Sn2+ and Sb3+ ions are attached to the functional groups on the
nanosheets. Upon chemical reduction, the ions are deposited on the surface of the
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sheets as SnSb alloy, and the graphene oxide is reduced to graphene. As the metal
ions and the graphene oxide nanosheets are mixed at the molecular level in the
first step, it is highly possible that SnSb alloy particles form in between the
nanosheets and act as spacers to prevent any serious stacking. TEM observations
confirmed the successful deposition of SnSb nanoparticles on the surface and
between the sheets in the graphene nanosheet stacks. Thus, the SnSb/graphene is
considered to be a porous composite with 3-D structure.
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6.4

Electrochemical Characterization

Electrochemical reactions of the SnSb/graphene composite were tested using
cyclic voltammetry after assembling the composite as anode material with lithium
as the counter electrode in a coin cell. The reaction of lithium with the
SnSb/graphene composite can be described by the equations below:
SnSb + Li  Li(2x+1)Sn(1-x)Sb + Sn

(6.1)

Sn + yLi+ + ye-  LiySn(0 ≤ y ≤ 4.4)

(6.2)

xLi+ + C(graphene) + xe-  LixC

(6.3)

Figure 6.4 (a) Cyclic voltammograms of the SnSb/graphene composite for the first 5
cycles; (b) charge/discharge voltage profiles of SnSb/graphene composite for
selected cycles up to 100 cycles.
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Figure 6.4(a) presents the CV curves of the nanocomposite from the first to the
fifth scanning cycle. The chemical reactions found on the curves are separated
into three parts and labelled A, B, and C, as shown in Figure 6.4(a). The reaction
labelled A and A′ at a reduction potential of 0.9 V and an oxidation potential of
1.1 V, respectively, corresponds to the reaction of lithium with SnSb to form
Li3Sb and Sn metal, as described in Equation (6.1). Several peaks in the range of
0.3 V to 0.7 V (labelled B) in the reduction curve are attributed to lithiation of tin,
where several LixSn alloys are formed as described by Equation (6.2). The
reverse reaction in the oxidation curve is marked as B′. At voltages below 0.2 V
for both reduction and oxidation, lithium reacts reversibly with graphene, as
described by Equation (6.3), and the reactions are labelled C and C′ in Figure
6.4(a). Figure 6.4(b) shows the charge/discharge voltage profiles of the
SnSb/graphene composite from the 1st up to 100th cycle. Plateaus observed in the
voltage profiles are in agreement with the oxidation and reduction peaks observed
in the CV profile.

Figure 6.5 Schematic representation of the lithiation/delithiation process of the
SnSb/graphene composite.

Figure 6.5 shows the reversible reactions of lithium at different voltages
corresponding to the labels in Figure 6.4(a). It should be noted that lithium reacts
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reversibly with different components of the SnSb/graphene composite at different
potentials. This reaction cycle is advantageous towards achieving better
mechanical stability, where the unreacted phase acts as a local domain buffer
matrix. Moreover, the alloy nanoparticles are deposited both on the surface and
between the corrugated structures of graphene, so that the graphene nanosheet
stacks act as the buffer matrix on the macro-domain. Furthermore, graphene also
acts as a highly conductive platform for enhanced electron kinetics in the
composite during the electrochemical reactions. In the lithiation process
described by Equation (6.1), lithium reacts with SnSb to form LiSb3 and metallic
tin. Graphene and the ductile tin phase operate as buffer matrices to contain the
expanded Li3Sb alloy. Then, as lithium alloys with tin to form Li4.4Sn, the
graphene sheets and Li3Sb buffer the expansion. This dual buffer matrix system is
capable of containing the large volume change and realising excellent cyclability
of the electrode. Similar work was published by Guo et al. using an inert metal
alloyed with tin for volume buffering purposes on the local domain
(SnNi/multiwall carbon nanotube (MWCNT) composite). [13] Using two active
elements which react with lithium at different voltages can also achieve
mechanical stability, however. In addition, two active elements will also provide
a higher capacity, as both components can alloy with lithium.

From theoretical studies, monolayer graphene sheets have a maximum lithium
storage capacity of 744 mAh/g, which is double the capacity of graphite, based on
the formation of Li3C. In addition, Sn has a theoretical capacity of 990 mAh/g,
and Sb has a theoretical capacity of 660 mAh/g. Thus, the theoretical capacity of
a SnSb/graphene composite which contains an estimated 30% SnSb alloy can be
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calculated as:
CSnSb/graphene = 0.7Cgraphene + 0.3CSn(0.5)Sb(0.5)
= 0.7(744) + 0.3(0.5 x 990 + 0.5 x 660) = 768 mAh/g

Figure 6.6 (a) Cycling performances of SnSb/graphene composite, SnSb
nanoparticles mechanically mixed with graphene, bare SnSb nanoparticles, and bare
graphene. (b) Multicurrent density cycling profile of SnSb/graphene composite.
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Cycling performance of the SnSb/graphene nanocomposite was tested via
constant current galvanostatic charge/discharge. SnSb nanoparticles, graphene
nanosheets, and SnSb nanoparticles mechanically mixed with graphene were also
tested to compare and investigate the effects of the dual buffer matrix. Figure
6.6(a) shows the cycling performance of the tested materials at a current density
of 100 mA/g. Samples containing graphene have a high first cycle discharge
capacity, mainly due to the reactions of lithium with the defect sites, nanovoids,
nanocavities, and functional groups on the graphene, which are irreversible. In
addition, the formation of solid electrolyte interphase layers also contributes to
the irreversible capacity. The SnSb/graphene composite delivered 688 mAh/g
discharge capacity in the second cycle and maintained 420 mAh/g after 100
cycles. The reversible capacity in the second cycle is lower than the theoretically
calculated value of 768 mAh/g. This is mainly due to the form of the graphene in
the composite, which varies from monolayers to 15 layer stacks. This
nanocomposite performed better, however, compared to other similar composites
such as SnNi/MWCNT (400 mAh/g after 20 cycles) [13] and SnSb/CNT (480
mAh/g after 50 cycles). [4] In addition, the SnSb/graphene composite maintained
60% reversible capacity retention after 100 cycles, at a current density of 100
mA/g, compared to the 62% reversible capacity retention of the Sn/graphene
composite prepared by Wang et al. [5] at a current density of 55 mA/g. The bare
graphene sample delivered 510 mAh/g in the second cycle and maintained 305
mAh/g after 100 cycles. SnSb nanoparticles mixed mechanically with graphene
delivered 550 mAh/g in the second cycle, but their performance was degraded
significantly after 30 cycles, while the corresponding bare SnSb nanoparticles
delivered 710 mAh/g in the second cycle, with significant degradation after 10
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cycles. The poor performance of both the SnSb mixed with graphene and the bare
SnSb nanoparticles can be related to cracking and pulverization of the electrode.
Although the components of the SnSb alloy are able to act as buffer matrices for
each other at different stages of the electrochemical reaction, the volume
expansion of the metal particles is too large to be fully absorbed. Thus, cracking
and pulverisation of the alloy occurs, and contact with the electrode substrate
(copper foil) is reduced, resulting in rapid degradation after 10 cycles. Through
addition of graphene to SnSb nanoparticles by mechanical mixing, the cycling
performance is improved. This is because graphene nanosheets absorb the volume
expansion of the alloy and prevent disintegration of the electrode to some extent.
However, mechanical mixing is not an effective way to obtain a homogenous
composite that fully utilises the buffering capability of graphene. Hence, the
composite cracks and pulverizes, and the cycling performance is degraded
significantly after 30 cycles.

Figure 6.6(b) shows the multicurrent density discharge cycling performance of
the SnSb/graphene composite. The sample was tested for 5 cycles, each running
from 50 mA/g to 1600 mA/g in stages to investigate the rate capabilities. After
the first 5 cycles at 50 mA/g, the electrode yielded a discharge capacity of 655
mAh/g. At the 10th cycle (200 mA/g), the discharge capacity decreased to 580
mAh/g and then to 526 mAh/g at the 15th cycle (400 mA/g). At the high discharge
rates of 800 mA/g and 1600 mA/g, stable cycling performance is observed. The
SnSb/graphene anode shows good discharge capacities of 437 mAh/g at 800
mA/g and 326 mAh/g at 1600 mA/g, respectively. After the dynamic loading
cycle, the current density was returned to 50 mA/g, and the electrode delivered
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590 mAh/g at the 30th cycle. The results indicate the ability of the SnSb/graphene
composite to withstand harsh discharge rates. The good rate capability and
cyclability can be attributed to the 3-D porous structure, where graphene
improves electron transport across the electrode and the porous structure
increases the surface area for enhanced reaction.
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6.5

Conclusions

In summary, a SnSb/graphene composite with 3-D porous structure have been
prepared via an in-situ chemical reduction method. Besides its excellent electrical
conductivity, the corrugated and stacked graphene sheets also provide a porous
buffer matrix on the macro-domain, while the bi-metallic SnSb alloy, which
reacts with lithium at different voltages, acts as a buffer on the local domain. This
results in a dual buffering effect that significantly enhances the capacity
retention, cycling performance, and rate capability of the SnSb/graphene
composite as anode material for lithium-ion battery application.
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7 FACILE SYNTHESIS OF GRAPHENE-MOLYBDENUM DIOXIDE AND
ITS LITHIUM STORAGE PROPERTIES
7.1

Introduction

Electrochemical energy storage has become an increasingly important area of
research in recent years. This is due to the increasing demand for portable
electronic devices that are powered by batteries. In addition, electric vehicles and
power grid storage have also become emerging markets for electrochemical
energy storage systems. [1, 2] Among all of these, lithium-ion batteries (LIBs) are
the most promising system due to their higher power and energy density. [3]
Further improvement is required, however, to fulfil the demands for higher
energy storage capacity.

One of the methods to improve the energy density of LIBs is to find alternative
active materials. The anode of conventional LIBs is based on graphite, which has
a theoretical capacity of 372 mAh/g. Much research has been conducted on using
alternative materials such as graphene, [4-7] metals, [8-14] and metal oxides. [1519] Graphene has the advantages of higher electrical conductivity and higher
theoretical capacity compared to graphite. [20-22] On the other hand, metals and
metal oxides have higher gravimetric and volumetric capacity compared to carbon
materials. They suffer, however, from large volume changes during lithium
reactions. As a result, many researchers are turning to composites of
graphene/metal [23-25] and graphene/metal oxides [26-31] to improve the
performance of anode materials.
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Molybdenum dioxide (MoO2) is a good candidate anode material due to its low
electrical resistivity (8.8 × 10-5 Ω.cm) and high theoretical capacity (838 mAh/g).
[32-39] Although MoO2 in different morphologies has been previously studied, the
long-term cycling stability during lithium storage could be further improved. This
has led to studies on carbon/MoO2 composites, which showed improved cycling
stability. [40-45] Carbon coating, however, may not be an effective strategy to
improve the cycling stability and volume expansion of the active material. This is
because carbon coating on the surface of the active material may not effectively
release the stress during volume expansion and thus may possibly slow the kinetics
of the lithium-ions reaching the inner parts of the material. Furthermore, the carbon
coating layer may crack and pulverise, which then leads to formation of dead volume
in the electrode. Graphene exists in the form of flexible two-dimensional (2D) sheets
with electron clouds on both surfaces. It is an excellent candidate to provide good
electronic conductivity and, at the same time, buffer the volume expansion of the
MoO2. Recently, Sun et al. reported on a hierarchical graphene/MoO2 structure
which shows good cycling performance for up to 70 cycles. [46] In this work, the
facile synthesis of graphene/MoO2 composite is reported, where two distinct
morphologies were obtained. The synthesis method comprises a simple solution
mixing of precursors and subsequent thermal reduction, with which samples were
prepared in gram-scale quantities. Through adjusting the ratio of precursors,
nanostructured graphene/MoO2 composite with two different morphology was
synthesised, namely clustered agglomerates and 2D nanosheets anchored with MoO2
nanoparticles. In addition, to the best of my knowledge, this is the first work
investigating the relationship between the graphene/MoO2 ratio and the lithium
storage performance.
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7.2

Experimental Methods

Graphene oxide was prepared using a similar procedure to that described in
previous works. [23, 26, 47] In brief, 10 g of natural graphite (Sigma Aldrich), 5
g of K2S2O8 (Sigma Aldrich), and 5 g of P2O5 (Sigma Aldrich) were added to 30
ml concentrated H2SO4 (Sigma Aldrich). The solution was heated to 80°C and
thermally isolated for 6 hours. The solution was then carefully diluted with deionised water, vacuum filtered, and washed until the rinse water pH became
neutral. The filtrate was dried under vacuum at 40°C overnight. The pre-oxidised
graphite was then oxidised using the Hummers’ method. 2 g of pre-oxidised
graphite and 1 g of NaNO3 (Sigma Aldrich) were added to 46 ml H2SO4 cooled to
0°C in an ice bath. 6 g of KMnO4 (Sigma Aldrich) was gradually added to the
solution with vigorous stirring. The temperature was carefully monitored to not
exceed 20°C. The mixture was removed from the ice bath and heated at 35°C for
2 hours. After that, 92 ml of de-ionised water was slowly added to the mixture.
After 15 minutes, 140 ml of warm water was added in to terminate the reaction.
30% hydrogen peroxide was added dropwise until the solution turned bright
yellow and the bubbling stopped. The mixture was then centrifuged and washed
with warm water until the pH of the upper layer was neutral. Then, graphite oxide
was re-dispersed in water and ultrasonicated at 40% amplitude for 2 hours.
Finally, a dark brown solution was obtained and was centrifuged at 3000 rpm to
remove un-exfoliated graphite oxide. The graphene oxide solution obtained was
at a concentration of 5 mg/ml.

Graphene/MoO2 composites were synthesized by a simple mixing and reduction
process, as described in Figure 7.1. A calculated amount of phosphomolybdic acid
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hydrate (PMA, Sigma Aldrich) was added to the 5 mg/ml graphene oxide (GO)
solution, which was sonicated for 30 minutes and left to dry in a Petri dish at 40ºC
overnight. The resultant waxy solid was collected, placed on a quartz boat, and then
heated in a tube furnace at 500°C for 2 hours under 200 ml/min flow of 10% H2 in
argon. A total of three samples with different ratios of graphene oxide to
phsophomolybdic acid were synthesized, namely, GM13 (1 g GO and 3 g PMA),
GM11 (1 g GO and 1 g PMA), and GM31 (3 g GO and 1 g PMA). In each synthesis
the amounts of sample that were collected were about 1.7 g for GM13 and GM31,
and about 0.85 g for GM11. The syntheses were repeated at least twice. Graphene
and MoO2 samples were prepared using the same method for comparison, and they
are herein denoted as “pure-graphene” and “pure-MoO2”.

Figure 7.1 Schematic representation of the synthesis procedure for graphene/MoO2
composite.

Electrochemical characterization of the samples was conducted in 2032-type coin
cells. The samples were firstly mixed thoroughly with acetylene black and
polyvinylidene difluoride in an 8:1:1 ratio, respectively. N-methyl-2-pyrrolidone
was added dropwise to the mixture to form a uniform slurry, which was then
coated onto 1 cm2 pieces of copper foil. Then, the resultant electrodes were left to
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dry overnight in a vacuum oven at 80°C. The electrodes were then pressed under
approximately 200 kg/cm2 pressure before being assembled in an argon filled
glove box. Lithium foil was used as counter electrode, Celgard polypropylene
membranes were used as separators, and 1 M LiPF6 in ethylene carbonate and
diethyl carbonate (1:1 v/v) was used as the electrolyte. All the cells were tested in
the voltage window of 0.01 to 3.0 V (vs. Li/Li+). The scan rate used for cyclic
voltammetry (CV) tests was 0.1 mV/s.

Galvanostatic charge/discharge tests were performed on a Land Battery Tester,
and CV was performed on a CHI 660 electrochemistry workstation. X-ray
diffraction (XRD) of the samples was performed on a GBC MMA facility;
transmission electron microscopy (TEM) of the samples was performed on a
JEOL 2011 instrument; scanning electron microscopy (SEM) was performed on a
JEOL 7500; thermo-gravimetric analysis (TGA) was performed on a Mettler
Toledo TGA; and Raman spectroscopy was performed on a JY HR 800
spectrometer with a 632.81 nm HeNe laser.
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7.3

Materials Characterization

TGA analysis was performed on all the samples to determine the actual weight
ratios. All samples were heated in air at a rate of 10°C/min. Weight losses of the
samples are plotted against temperature in Figure 7.2(a), and the weight ratios from
TGA are tabulated in Table 7.1. GM13, GM11, and GM31 contained 22 wt%, 40
wt%, and 64 wt% of graphene respectively. For the pure-MoO2 sample, a 10%
weight increase was observed, starting from 300°C, where MoO2 is oxidised to
MoO3. A slight weight loss was recorded below 120°C for the pure-graphene sample,
which can be attributed to the loss of absorbed moisture. The decomposition of
graphene in air started at 500°C, where a sharp drop in weight can be observed. As
for the composite samples, similar patterns were observed, with a slight weight loss
occurring at low temperature (< 120°C), followed by decomposition of the graphene
(> 400°C) and a plateau after 600°C. In addition, the weight increase indicative of
the oxidation of MoO2 to MoO3 was not observed from the TGA plots for the
graphene/MoO2 composite samples. The black powder that was initially put into the
platinum crucible turned white at the end of the analysis. This is an indication that
MoO2 was oxidized (since pure-MoO2 is dark blue in colour) and that the weight
remaining after 600°C is indicative of MoO3. The white powders were also tested on
the XRD to confirm the MoO3 phase. A possible explanation is the masking of
weight increase due to oxidation of MoO2 to MoO3 by the weight loss of graphene
decomposition at the same temperature region. It should be noted, however, that
increasing the amount of MoO2 in the sample lowers the decomposition temperature
of the graphene. This might be due to the catalytic effect of molybdenum oxides
during the decomposition process. Similar results have been reported previously for
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metal oxide/graphene and metal oxide/carbon composites. [48-50] Nevertheless,
further investigation is required to verify this phenomenon.

Figure 7.2 (a) Thermogravimetric analysis of the samples in air with heating rate of
10°C/minute; (b) X-ray diffraction patterns of all the samples; (c) Raman spectra
from 100 cm-1 to 2000 cm-1; (d) Raman spectra from 100 cm-1 to 1000 cm-1 with
minimal laser exposure time.
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Table 7.1 Ratio of the precursors of the graphene/MoO2 composite samples and the
actual weight ratio from TGA analysis.
Precursor
Sample

TGA analysis

Graphene

Phosphomolybdic

MoO2

graphene

Oxide (g)

acid (g)

(wt %)

(wt%)

GM13

1.00

3.00

78.13

21.87

GM11

1.00

1.00

60.13

39.87

GM31

3.00

1.00

35.81

64.19

X-ray diffraction was performed to identify the composition of the samples, and the
diffraction patterns are plotted in Figure 7.2(b). The pure-MoO2 sample shows sharp
peaks that match monoclinic phase MoO2 (ICDD 32-0671), which belongs to the
P21/n (No. 14) space group. It should be noted that as the ratio of graphene
increases, the MoO2 peaks appear more broadened, and the intensity decreases. This
is an indication of a decrease in the crystallite size of MoO2. In addition, a much
broadened (001) reflection of MoO2 is observed in the diffraction pattern of GM31.
This can be associated with the lower crystallinity and larger amount of graphene (>
50 wt%) in the samples. Inspection of the diffraction pattern of the pure-graphene
sample reveals broad humps, which can be indexed to the (002) and (100) reflections
of graphite.

To further investigate the composition, the samples were characterised by Raman
spectroscopy. The spectrum of the pure-MoO2 sample in Figure 7.2(c) shows several
peaks which are characteristic of MoO2. [51] The spectrum of the graphene sample
shows two major peaks at 1322 cm-1 and 1590 cm-1, which represent the D and G
157

bands, respectively. [7, 23] On the other hand, spectra of the composite samples
show slight shifts towards higher wavenumbers. The D and G band maxima are at
1336 cm-1 and 1601 cm-1, respectively. In addition, the peaks associated with MoO2
were not observed in the spectra of the composites. Therefore, fresh samples were
analysed again with minimal laser exposure, while limiting the spectral range to
below 1000 cm-1. As can be seen from Figure 7.2(d), the spectrum of the pure-MoO2
sample does not show any variation from the previous scan. In contrast, the spectra
of the composite samples show peaks that do not match those of the pure-MoO2. This
is due to the nanosize nature of the MoO2 particles in the hybrid samples, which are
more susceptible to oxidation by laser irradiation than larger particles. This
phenomenon has been reported by Camacho-Lopez et al., and it is associated with
oxidation of MoO2 to MoOx by laser irradiation. [52]

Surface morphology of the samples was characterised using SEM, and the
micrographs are presented in Figure 7.3. Sample GM31 (Figure 7.3(a)) shows a
similar structure to the corrugated pure-graphene sample (Figure 7.4(c)), while
sample GM13 (Figure 7.3(g)) shows a particle-like structure similar to that of the
pure-MoO2 (Figure 7.4(a)). A combination of corrugated sheets and agglomerated
particles can be observed on the surface of GM11 (Figure 7.3(d)). TEM was used to
further study the morphology of the samples. The graphene sheets of sample GM31
(Figure 7.3(b)) appear smooth. Energy dispersive X-ray spectroscopy (EDS) was
performed on the GM31 sheets to map the molybdenum element, and the results are
presented in Figure 7.5. Elemental mapping of the sheets shows the element Mo
distributed across all the areas of the sheets. Using high resolution TEM (HRTEM),
the MoO2 nanoparticles were resolved, and an image is presented in Figure 7.3(c).
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The particle size is about 2 ± 0.5 nm (from 50 different particles in 3 different areas),
and the lattice spacing was measured to be 0.24 nm, corresponding to the d-spacing
of the (-211) plane. Graphene sheets a few layers in thickness can also be seen from
the HRTEM image, and the d-spacing (0.36 nm) of the (002) plane of the graphene is
also marked. A TEM micrograph of GM11 is shown in Figure 7.3(e), where the
graphene sheets are densely populated by MoO2 nanoparticles. A selected area
electron diffraction (SAED) image is also presented in the inset of Figure 7.3(e), and
the diffuse rings can be indexed to the (-111) and (-312) planes. When investigated
under HRTEM, the nanoparticles (2.5 ± 0.5 nm) can be seen to be covering the
surfaces of the graphene sheets. The lattice spacing of the particles and of the sheets
can be related to the d-spacing of the (-211) plane of MoO2 and the (002) plane of
graphene, respectively, as indicated in Figure 7.3(f). Both sample GM31 and sample
GM11 show the 2D morphology of graphene sheets, with MoO2 nanoparticles
anchored on the surface. There could be two explanations for the driving force
anchoring the MoO2 particles onto the graphene sheets. The first is the electrostatic
attraction between the oxygen functional groups and the molybdenum ions. There are
other reports on metal oxide nanoparticles anchored on graphene sheets, and the
electrostatic attraction was believed to be the main driving force. [23, 24, 31]
Secondly, phosphomolybdic acid is known to spontaneously form a thin layer on
carbon, pyrolytic graphite, and carbon nanotubes. [53-55] The proximity of the
precursors will encourage anchoring of MoO2 particles onto the graphene sheets after
thermal reduction. On the other hand, sample GM13 (Figure 7.3(h)) shows large
agglomerated particles with graphene sheets. Unlike the 2D morphology of GM11
and GM31, GM13 is highly aggregated and forms large clusters with the graphene
sheets. The average particle size could not be determined due to the aggregation. The
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corresponding SAED pattern of the image is shown in the inset of Figure 7.3(h),
where the rings can be indexed to the monoclinic MoO2 phase, which is consistent
with the XRD results. The sample was then investigated at higher magnification, and
the micrograph is presented in Figure 7.3(i). A large crystal of MoO2 (> 30 nm) can
be seen in the image, and the lattice spacing was measured as 0.24 nm, which
corresponds to the (-211) plane of MoO2. Graphene sheets and smaller particles of
MoO2 (3 nm) can also be seen in the micrograph.

Figure 7.3 Scanning electron micrographs of (a) GM31, (d) GM11, and (g) GM13.
Transmission electron micrographs of (b,c) GM31, (e,f) GM11, and (h,i) GM13.
Inset of (c) is the enlarged image of the area indicated by the white ring; insets of (e)
and (h) are the corresponding electron diffraction patterns.
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Figure 7.4 (a) SEM image of the pure-MoO2 sample; (b) TEM image of pure-MoO2,
with the inset showing the corresponding SAED pattern; (c) HRTEM image of the
pure-MoO2, with the marked lattice spacing indicating the d-spacing of the (-101)
plane; (d) and (e) are SEM images of the pure-graphene sample; (f) TEM image of
the pure-graphene sample.

Figure 7.5 SEM image (left) and corresponding EDS mapping (right) of sample
GM31, showing Mo (red dots) distributed on the graphene sheets.
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7.4

Electrochemical Characterization

Lithium storage properties of the graphene/MoO2 composites were investigated using
the galvanostatic charge/discharge method. Charging capacity of the samples at 200
mA/g over 50 cycles is plotted in Figure 7.6(a). Among the composite samples,
GM13 exhibited the highest capacity of 640 mAh/g, while GM31 exhibited the
lowest capacity of 380 mAh/g, with GM11 retaining 510 mAh/g after 50 cycles. The
differences in capacity are mainly due to the content of MoO2 in the samples. This is
because the capacity of pure-MoO2 is higher than that of pure-graphene. All three
composite samples show better cycling stability compared to the pure-MoO2 sample,
and this can be attributed to the buffering effect of the graphene sheets, which
prevents any serious pulverisation of MoO2. In addition, the interesting feature of
capacity increase can be observed for sample GM13 and the pure-MoO2 in the initial
cycles. This phenomenon can be related to the electrochemical milling effect which
occurs during lithium reactions with transition metal oxides. It can also be seen as an
activation process, where more active sites inside the particles can be accessed by the
lithium-ions after the size of individual particles is reduced through electrochemical
cycling. Samples GM11 and GM31 do not show any activation trend, due to the
smaller particle size (< 3 nm; Figure 7.3(c) and (f)). The composite samples were
further tested for cycling performance at higher rates, as shown in Figure 7.6(b). At
1.0 A/g, sample GM13 showed the highest capacity (480 mAh/g) after 100 cycles.
Samples GM11 and GM31 retained 340 mAh/g and 270 mAh/g, respectively, under
the same conditions. The cycling tests at 1.0 A/g also show the same trend as the
tests at 0.2 A/g, and this confirms that the capacity of the material depends mainly on
the composition.
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Figure 7.6 (a) Cycling performance of the graphene/MoO2 samples at 0.2 A/g; (b)
cycling performance of the samples at 1.0 A/g; (c) rate capability of the samples up
to 3.0 A/g; inset of (c) is the capacity retention of the samples at varying current
densities
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The voltage profiles of all the samples tested at low rates are presented in Figure 7.7,
and the insets of the figures are the coulombic efficiencies over 50 cycles. PureMoO2 shows the highest first cycle efficiency (76%), where the irreversible reactions
are mainly due to the formation of the solid electrolyte interphase (SEI) layer. On the
other hand, pure-graphene shows the lowest coulombic efficiency (58%) in the first
cycle due to the SEI formation and other irreversible lithium reactions with defects
and nanopores in the corrugated structure. [7] As expected, the initial coulombic
efficiencies of the composite samples are between those of the pure-graphene and the
pure-MoO2 samples. The efficiencies recorded for GM13, GM11, and GM31 are
75%, 68%, and 60%, respectively.

The lithium reaction mechanism can be interpreted from the voltage profiles of each
sample. For better understanding of the electrochemical reactions, however, cyclic
voltammetry of the samples was conducted at a slow scan rate of 0.1 mV/s, and the
voltammograms are presented in Figure 7.8. The lithium reaction of the pure-MoO2
sample can be observed from Figure 7.7(e). At the first discharge, several broad
humps appear from 1.5 V to 0.01 V, which can be attributed to the lithium reaction
with MoO2 and the formation of the SEI. From the second cycle, two distinct redox
couples at 1.25 V/ 1.5 V and 1.5 V/ 1.75 V can be observed, which are highly
reversible. They can be attributed to the lithium reaction with MoO2, which is
accompanied by the monoclinic-orthorhombic-monoclinic phase transition. [32, 46]
For all three composite samples, a broad hump centred around 1.5 V during
charging, which may correspond to the lithium reaction with MoO2, and a sharp peak
indicating lithium intercalation into graphene in the low voltage region during
discharging were observed from the CV profiles. These results are consistent with
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the voltage profiles (Figure 7.7), as no obvious plateaus are observed for the
composite samples. One of the possibilities that may contribute to the absence of
sharp redox peaks corresponding to lithium reactions with MoO2 is the smaller
particle size and the low crystallinity, as indicated from the TEM analysis.
Furthermore, the CV of the pure-MoO2 at the 50th cycle shows a similar profile to
those of the composite samples. The reduction in particle size and crystallinity may
be due to the effects of electrochemical milling, which has been previously studied.

Furthermore, the three composite samples were tested for rate capabilities, as shown
in Figure 7.6(c), and the capacity retention plot is shown in the inset. At the lower
rates of 0.5 A/g and 1.0 A/g, sample GM13 exhibited the highest specific capacity,
while at 1.5 A/g, 2.0 A/g, 2.5 A/g, and 3.0 A/g, sample GM11 exhibited the highest
specific capacity. As for the capacity retention, both GM13 and GM11 showed the
same percentage for 1.0 A/g. At higher rates, GM11 had higher capacity retention
compared to GM13. This phenomenon is most likely due to the higher graphene
content in GM11, which contributes to more efficient electron transfer to the active
material. In addition, the smaller MoO2 particle size also reduces the lithium-ion
pathways into the material. The same pattern can also be observed when comparing
GM11 and GM31 from 0.5 A/g to 3.0 A/g, where sample GM31 has superior
capacity retention. In addition, all three samples showed good capacity recovery
when the rate was lowered to 0.2 A/g. Based on the experimental results, it was
found that the amount of graphene present in each composite sample plays a crucial
role in determining the electrochemical performance and morphology of the sample.
With a lower graphene ratio (GM13), the nanoparticles in the composite are larger
and aggregated. The capacity is the highest, however, when the sample is cycled at
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low rates due to the higher contribution from MoO2. For the samples with a higher
ratio of graphene in the composite, the MoO2 particles became smaller (< 3 nm) and
were found to be anchored on the surface of the graphene sheets. Due to the smaller
particle size, better distribution, and higher content of graphene, the rate
performances of GM11 and GM31 are superior when compared to GM13.
Nevertheless, sample GM13 is a more suitable composite for use as a Li-ion battery
anode material due to its higher capacity. Although the capacity retention is the
poorest, the capacity at 2.0 A/g (380 mAh/g) is still comparable to that of GM11,
which is consistent with previously reported work on MoO2/carbon systems, [39-46]
and the theoretical capacity of graphite, which is the current anode material used in
commercial Li-ion cells.

166

Figure 7.7 Voltage profiles for selected cycles corresponding to cycling at 0.2 A/g
for samples (a) GM31, (b) GM11, (c) GM13, (d) pure-graphene, and (e) pure-MoO2;
insets of the figures represent the corresponding coulombic efficiencies.
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Figure 7.8 Cyclic voltammograms for selected cycles at 0.1 mV/s of (a) GM13, (b)
GM11, (c) GM31, (d) pure-graphene, and (e) pure-MoO2.
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7.5

Conclusions

In summary, several graphene/MoO2 composites have been prepared through a facile
synthesis method. When the graphene ratio in the material was higher, the samples
showed two-dimensional graphene sheets with MoO2 nanoparticles less than 3 nm in
size anchored to them. When the ratio of graphene was lower, the sample showed an
aggregated morphology. Investigation of the electrochemical performance of the
graphene/MoO2 composites reveals that the sample with the highest MoO2 ratio
(GM13) has higher specific capacity and good cycling performance at low rates.
Although the capacity retention of GM13 is poorer compared to the other composite
samples, the specific capacity at 2.0 A/g (380 mAh/g) is comparable to that of
commercial graphite anode material.

169

7.6

References

[1] B. Dunn, H. Kamath, J.M. Tarascon, Science, 334 (2011) 928-935.
[2] Z. Yang, J. Zhang, M.C.W. Kintner-Meyer, X. Lu, D. Choi, J.P. Lemmon, J. Liu,
Chemical Reviews, 111 (2011) 3577-3613.
[3] M. Armand, J.M. Tarascon, Nature, 451 (2008) 652-657.
[4] E. Yoo, J. Kim, E. Hosono, H.-s. Zhou, T. Kudo, I. Honma, Nano Letters, 8
(2008) 2277-2282.
[5] P. Guo, H. Song, X. Chen, Electrochemistry Communications, 11 (2009) 13201324.
[6] C. Wang, D. Li, C.O. Too, G.G. Wallace, Chemistry of Materials, 21 (2009)
2604-2606.
[7] G. Wang, X. Shen, J. Yao, J. Park, Carbon, 47 (2009) 2049-2053.
[8] C.-M. Park, J.-H. Kim, H. Kim, H.-J. Sohn, Chemical Society Reviews, 39
(2010) 3115.
[9] Z.P. Guo, E. Milin, J.Z. Wang, J. Chen, H.K. Liu, Journal of the Electrochemical
Society, 152 (2005) A2211-A2216.
[10] H.K. Liu, Z.P. Guo, J.Z. Wang, K. Konstantinov, Journal of Materials
Chemistry, 20 (2010) 10055-10057.
[11] Z.P. Guo, Z.W. Zhao, H.K. Liu, S.X. Dou, Carbon, 43 (2005) 1392-1399.
[12] D. Deng, M.G. Kim, J.Y. Lee, J. Cho, Energy & Environmental Science, 2
(2009) 818-837.
[13] N.-S. Choi, Y. Yao, Y. Cui, J. Cho, Journal of Materials Chemistry, 21 (2011)
9825-9840.
[14] M.-H. Park, Y. Cho, K. Kim, J. Kim, M. Liu, J. Cho, Angewandte Chemie,
International Edition, 50 (2011) 9647-9650.
170

[15] M.F. Hassan, Z.P. Guo, Z. Chen, H.K. Liu, Journal of Power Sources, 195
(2010) 2372-2376.
[16] P. Balaya, H. Li, L. Kienle, J. Maier, Advanced Functional Materials, 13 (2003)
621-625.
[17] L. Yuan, Z.P. Guo, K. Konstantinov, P. Munroe, H.K. Liu, Electrochemical and
Solid State Letters, 9 (2006) A524-A528.
[18] P. Zhang, Z.P. Guo, H.K. Liu, Electrochimica Acta, 55 (2010) 8521-8526.
[19] P. Zhang, Z.P. Guo, Y. Huang, D. Jia, H.K. Liu, Journal of Power Sources, 196
(2011) 6987-6991.
[20] A.K. Geim, K.S. Novoselov, Nature Materials, 6 (2007) 183-191.
[21] D. Li, R.B. Kaner, Science, 320 (2008) 1170-1171.
[22] D. Li, M.B. Mueller, S. Gilje, R.B. Kaner, G.G. Wallace, Nature
Nanotechnology, 3 (2008) 101-105.
[23] K.H. Seng, Z.P. Guo, Z.X. Chen, H.K. Liu, Advanced Science Letters, 4 (2011)
18-23.
[24] G. Wang, B. Wang, X. Wang, J. Park, S. Dou, H. Ahn, K. Kim, Journal of
Materials Chemistry, 19 (2009) 8378-8384.
[25] J.K. Lee, K.B. Smith, C.M. Hayner, H.H. Kung, Chemical Communications, 46
(2010) 2025-2027.
[26] L. Li, Z. Guo, A. Du, H. Liu, Journal of Materials Chemistry, 22 (2012) 36003605.
[27] C. Zhang, X. Peng, Z. Guo, C. Cai, Z. Chen, D. Wexler, S. Li, H. Liu, Carbon,
50 (2012) 1897-1903.
[28] S.-M. Paek, E. Yoo, I. Honma, Nano Letters, 9 (2009) 72-75.

171

[29] D. Wang, D. Choi, J. Li, Z. Yang, Z. Nie, R. Kou, D. Hu, C. Wang, L.V. Saraf,
J. Zhang, I.A. Aksay, J. Liu, ACS Nano, 3 (2009) 907-914.
[30] H. Wang, L.-F. Cui, Y. Yang, H.S. Casalongue, J.T. Robinson, Y. Liang, Y.
Cui, H. Dai, Journal of the American Chemical Society, 132 (2010) 13978-13980.
[31] Z.-S. Wu, W. Ren, L. Wen, L. Gao, J. Zhao, Z. Chen, G. Zhou, F. Li, H.-M.
Cheng, ACS Nano, 4 (2010) 3187-3194.
[32] J.R. Dahn, W.R. McKinnon, Solid State Ionics, 23 (1987) 1-7.
[33] L.C. Yang, Q.S. Gao, Y. Tang, Y.P. Wu, R. Holze, Journal of Power Sources,
179 (2008) 357-360.
[34] L.C. Yang, Q.S. Gao, Y.H. Zhang, Y. Tang, Y.P. Wu, Electrochemistry
Communications, 10 (2008) 118-122.
[35] Y. Shi, B. Guo, S.A. Corr, Q. Shi, Y.-S. Hu, K.R. Heier, L. Chen, R. Seshadri,
G.D. Stucky, Nano Letters, 9 (2009) 4215-4220.
[36] D. Koziej, M.D. Rossell, B. Ludi, A. Hintennach, P. Novak, J.-D. Grunwaldt,
M. Niederberger, Small, 7 (2011) 377-387.
[37] B. Guo, X. Fang, B. Li, Y. Shi, C. Ouyang, Y.-S. Hu, Z. Wang, G.D. Stucky, L.
Chen, Chemistry of Materials, 24 (2012) 457-463.
[38] Y.G. Liang, S.J. Yang, Z.H. Yi, J.T. Sun, Y.H. Zhou, Materials Chemistry and
Physics, 93 (2005) 395-398.
[39] Y. Sun, X. Hu, J.C. Yu, Q. Li, W. Luo, L. Yuan, W. Zhang, Y. Huang, Energy
& Environmental Science, 4 (2011) 2870.
[40] Q. Cao, L. Yang, X. Lu, J. Mao, Y. Zhang, Y. Wu, Y.I. Tang, Journal of
Materials Chemistry, 20 (2010) 2807-2812.
[41] Z. Wang, J.S. Chen, T. Zhu, S. Madhavi, X.W. Lou, Chemical Communications,
46 (2010) 6906-6908.
172

[42] W. Luo, X. Hu, Y. Sun, Y. Huang, Physical Chemistry Chemical Physics, 13
(2011) 16735-16740.
[43] L. Zhou, H.B. Wu, Z. Wang, X.W. Lou, ACS Applied Materials & Interfaces, 3
(2011) 4853-4857.
[44] Y. Sun, X. Hu, W. Luo, Y. Huang, Journal of Materials Chemistry, 22 (2012)
425.
[45] Y. Xu, R. Yi, B. Yuan, X. Wu, M. Dunwell, Q. Lin, L. Fei, S. Deng, P.
Andersen, D. Wang, H. Luo, The Journal of Physical Chemistry Letters, 3 (2012)
309-314.
[46] Y. Sun, X. Hu, W. Luo, Y. Huang, ACS Nano, 5 (2011) 7100-7107.
[47] G. Du, K.H. Seng, Z. Guo, J. Liu, W. Li, D. Jia, C. Cook, Z. Liu, H. Liu, RSC
Advances, 1 (2011) 690-697.
[48] F. Pico, E. Morales, J.A. Fernandez, T.A. Centeno, J. Ibanez, R.M. Rojas, J.M.
Amarilla, J.M. Rojo, Electrochimica Acta, 54 (2009) 2239-2245.
[49] J.T. Zhang, J.Z. Ma, J.W. Jiang, X.S. Zhao, Journal of Materials Research, 25
(2010) 1476-1484.
[50] J.T. Zhang, J.W. Jiang, X.S. Zhao, Journal of Physical Chemistry C, 115 (2011)
6448-6454.
[51] M. Dieterle, G. Mestl, Physical Chemistry Chemical Physics, 4 (2002) 822-826.
[52] M.A. Camacho-Lopez, L. Escobar-Alarcon, M. Picquart, R. Arroyo, G.
Cordoba, E. Haro-Poniatowski, Optical Materials, 33 (2011) 480-484.
[53] M.H. Ge, B.X. Zhong, W.G. Klemperer, A.A. Gewirth, Journal of the American
Chemical Society, 118 (1996) 5812-5813.
[54] A. Kuhn, F.C. Anson, Langmuir, 12 (1996) 5481-5488.

173

[55] Z.P. Guo, D.M. Han, D. Wexler, R. Zeng, H.K. Liu, Electrochimica Acta, 53
(2008) 6410-6416.

174

8 FREE-STANDING VANADIUM PENTOXIDE ELECTRODE FOR
FLEXIBLE LITHIUM-ION BATTERIES
8.1

Introduction

Flexible displays, portable electronic devices, and thin film based electronics require
energy storage devices such as capacitors and batteries. As a result, free-standing and
flexible electrodes have been studied extensively to realise flexible electronic
devices. There are a number of studies on preparing flexible electrodes for lithiumion battery applications using carbon-based “bucky” paper. [1-3] Graphene, carbon
nanotubes, and their composites have all been proposed and investigated for use as
anode materials. As an example, graphene/silicon free-standing film electrode has
been studied by several groups of researchers, and it showed promising
electrochemical performance. [4-6] Nevertheless, the challenge has remained to find
a suitable substrate-free cathode material for lithium-ion batteries. Unlike carbon
based anodes, conventional cathode materials (LiFePO4, LiCoO2, etc.) are brittle
ceramics that are difficult to form into a flexible free-standing structure. As a result,
researchers have resorted to the slurry coating method on bucky paper films to
achieve flexible cathodes. [7] Hence, a flexible and free-standing cathode material
with excellent electrochemical performance has remained to be discovered.

Vanadium oxides are interesting electrode materials for lithium-ion batteries because
of their rich crystal chemistry and variety of coordination numbers and oxidation
states. Vanadium pentoxide (V2O5) one-dimensional (1D) structures, such as
nanowires, nanorods, and nanotubes, are potential candidates to form flexible freestanding electrodes. [8-13] Free-standing V2O5 sheet formed by entangling
nanofibers was reported to have a Young’s modulus of 4.8 GPa, which is higher than
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the modulus of similarly made single-walled carbon nanotube sheets (~1 GPa) [14].
In addition, V2O5 has been reported to have excellent cycling performance,
especially at high discharge currents. [9-10] Therefore, 1D nano-V2O5 represents an
excellent candidate as a flexible free-standing cathode material. To the best of our
knowledge, there have not been any reports on a conventional cathode based on
flexible free-standing film. Herein, cathode films for the lithium-ion battery based on
ultra-long V2O5 nanowires are reported.
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8.2

Experimental Methods

Ultra-long V2O5 nanowires were synthesised using the hydrothermal procedure
described by T. Zhai et al. [12] In a typical procedure, 0.728 g V2O5 powder and 60
ml de-ionised water were mixed under strong magnetic stirring. 10 ml 35% H2O2
was added dropwise into the solution. The mixture was stirred for 30 minutes, and
then poured into a 120 ml Teflon-lined autoclave. The precursors were left in an
oven at 205°C for 4 days. The products were washed with ethanol several times and
filtered. A 2 mg/ml V2O5 nanowire dispersion in water was prepared by
ultrasonication. The dispersion was filtered using a polyvinylidene difluoride
(PVDF) membrane with 0.22 μm pore size (Whatman, 47 mm diameter), and then
dried in a vacuum oven at 50°C for 6 hours. A free-standing film can be easily peeled
off when dried. For the composite films, 5 wt%, 10 wt%, 20 wt%, and 30 wt%
multiwalled carbon nanotube (MWCNT)/V2O5 solutions were prepared by adding
the MWCNTs (20-30 nm diameter) to 1 ml of Triton X-100 and 15 ml of V2O5
nanowire dispersion. Then, the mixture was ultrasonicated for 30 minutes before
forming free-standing composite films using the same filtration method. All the
chemicals used were from Sigma Aldrich.

For electrochemical measurements, the free-standing films were punched into 1 cm2
pieces and assembled into C2032 coin cells in an argon-filled glove box (MBraun).
Lithium foil was used as the counter electrode, and 1 M LiPF6 in a 1:1 ratio of
ethylene carbonate to dimethyl carbonate (EC:DMC) was the electrolyte.
Galvanostatic charge-discharge tests were carried out in the range of 4.0 V to 2.5 V,
and the specific capacity is based on the weight of V2O5 nanowires only. The loading
rates of the electrodes are between 3-5 mg/cm2 of V2O5.
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The products were characterized by transmission electron microscopy (TEM; JEOL
2011), field-emission scanning electron microscopy (FESEM; JEOL 7500), X-ray
diffraction (XRD; GBC MMA), galvanostatic charge-discharge testing (LAND), and
other electrochemical testing on an electrochemical workstation (CH Instruments).
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8.3

Materials Characterization

Crystal structural analysis of the V2O5 nanowires was carried out using X-ray
diffraction on the as-prepared free-standing film. Figure 8.1(a) shows the diffraction
pattern of the V2O5 nanowire film. The diffraction pattern matches the orthorhombic
V2O5 phase (ICDD 89-0612) with lattice parameters a = 11.54 Å, b = 3.571 Å, and c
= 4.383 Å. No impurity phase can be detected from the diffraction pattern. The
diffraction pattern shows a slightly stronger (001) peak, which indicates the growth
of nanowires along the [001] axis. This is further confirmed by the TEM analysis
below. The inset of Figure 8.1(a) is a photograph of the as-prepared V2O5 nanowire
free-standing film. It is yellowish-brown in colour and is highly flexible.

The structure of the nanowires was further studied by TEM. Figure 8.1(b) shows the
morphology of a nanowire with uniform diameter (40 nm) throughout its length. The
inset high resolution TEM image exhibits an interplanar spacing of 0.29 nm, which
corresponds to the d-spacing of the (400) planes. From the electron diffraction
pattern, it is confirmed that the nanowires grow along the [001]* direction which is
parallel to the c-axis. The width and height of the nanowires can be indexed to the
[100] and [010] directions.
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Figure 8.1 (a) X-ray diffraction pattern of V2O5 free-standing film. Inset is a
photograph of V2O5 film, which is greenish-brown and highly flexible. (b)
Transmission electron microscope image of a V2O5 nanowire; insets show a high
resolution image of the nanowire with a d-spacing of 0.29 nm for the (400) plane and
the corresponding electron diffraction pattern.
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FESEM was used to characterise the surface morphology of the V2O5 free-standing
film, as shown in Figure 8.2(a), where nanowires with lengths up to hundreds of
micrometers can be observed. The nanowires are smooth and straight, with diameters
in the range of 30 nm to 50 nm. A cross-section of the free-standing V2O5 film was
also investigated using the FESEM. Figure 8.2(b) shows the cross-section, which has
a thickness of about 55 micrometers. The thickness of the film can be controlled
during fabrication by adjusting the ratio between the area of the filter and the amount
of material used. In addition, the representative surface morphology of
MWCNT/V2O5 free-standing films with different compositions is shown in Figure
8.2(c). Wavy MWCNTs are homogenously distributed among the straight nanowires.
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Figure 8.2 (a) Low magnification SEM image of free-standing V2O5 film; (b) crosssectional image of the free-standing film; (c) SEM image of the surfaces of the freestanding films with different compositions, showing the distribution of MWCNTs
among the V2O5 nanowires.
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8.4

Electrochemical Characterization

The electrochemical performance of the free-standing V2O5 film was investigated
along with those of the MWCNT/V2O5 composite films with various weight ratios.
Because vanadium pentoxide is known to have low conductivity, a range of 5-30
wt% MWCNTs was added to improve the electrical conductivity, electron diffusion,
and active surface area of the free-standing V2O5 film. Furthermore, MWCNTs form
a web-like network among the V2O5 nanowires that increases the amount of
electrode/electrolyte interphase and the diffusivity of the electrolyte into the
electrode. The cut-off potentials of the electrodes were set from 2.5 V to 4.0 V
because one lithium intercalates reversibly into V2O5 within this voltage range, and
the original V2O5 structure can be fully recovered upon delithiation. Moreover, the
narrow range and high voltage is more realisable for a cathode. The theoretical
capacity of V2O5 with one lithium-ion intercalated is 149 mAh/g, and the reversible
chemical reaction can be described as [15]:
𝛼-𝑉2 𝑂5 + 0.5𝐿𝑖 + ↔ ε-𝐿𝑖0.5 𝑉2 𝑂5

(8.1)

𝜀-𝐿𝑖0.5 𝑉2 𝑂5 + 0.5𝐿𝑖 + ↔ 𝛿-𝐿𝑖𝑉2 𝑂5

(8.2)

Figure 8.3(a) presents the cycling performance of the free-standing film electrodes
over 50 cycles at 0.17 C. The reversibility of the electrodes improved with increasing
MWCNT content, and the 30 wt% MWCNT/V2O5 electrode retained 143 mAh/g
after 50 cycles. This can be explained by the improved electronic conduction within
the electrode and the decreased polarization. Decreased polarization is also observed
in Figure 8.3(b), where the discharge voltage plateau of the electrode increases with
the MWCNT content. In addition, the MWCNT web in the electrodes also increases
the surface area and the diffusivity of the electrolyte into the electrode, which
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explains the increase in initial capacity when the MWCNT content is increased. All
the active materials are fully utilised when 20 wt% MWCNTs are added to the
composite, as this composite electrode achieved an initial capacity that is similar to
the theoretical value.

Figure 8.3 (a) Galvanostatic charge/discharge cycling performance of the
MWCNT/V2O5 free-standing electrodes at 0.17 C; (b) voltage profiles of the
MWCNT/V2O5 free-standing electrodes at the 2nd charge/discharge cycle; loading
rates of the electrodes are between 3-5 mg/cm2 of V2O5.

Figure 8.4(a) and (b) compares the cyclic voltammograms (CV) of the 30%
MWCNT/V2O5 film with those of the V2O5 film electrodes. Broad peaks are
observed for the pure V2O5 film (Figure 8.4(a)), while for the 30% MWCNT/V2O5
electrode, two pairs of well-defined current peaks corresponding to Equations (8.1)
and (8.2) can be observed in Figure 8.4(b). The anodic and cathodic peaks have
almost the same current intensity, demonstrating that the Li+ extraction takes place to
an equal extent, indicating a nearly perfect coulombic efficiency. Furthermore, there
is no substantial change in the peak positions after the first scan, indicating the high
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reversibility of the insertion/extraction reactions for the 30% MWCNT/V2O5
electrode.

Figure 8.4 (a) Cyclic voltammograms of pure V2O5 free-standing electrode for
selected cycles; (b) cyclic voltammograms of 30 wt% MWCNT/V2O5 free-standing
electrode for the same cycles.

The 30 wt% MWCNT/V2O5 electrode was also used to investigate the rate capability
due to its superior cycling performance. Figure 8.5(a) illustrates the capability of the
composite film for fast charging and discharging. The electrode was tested at 0.17 C
for the initial 3 cycles, then at 1.7 C, 3.3 C, 5.0 C, and 6.7 C for 10 cycles each. The
electrode managed to retain 132 mAh/g at 6.7 C, which is 87% of its initial 152
mAh/g at 0.17 C. This implies that the electrode can be charged or discharged in less
than 9 minutes to 87% of its full capacity. In addition, the 30 wt% MWCNT/V2O5
composite was tested for cyclability at 1.7 C. The electrode was cycled at 0.17 C for
10 initial cycles and then at 1.7 C up to the 50th cycle. The inset of Figure 8.5(b)
presents the voltage profiles. The cycling performance of the electrode at 1.7 C
shows negligible capacity loss, retaining 140 mAh/g at the 50th cycle. These results
indicate that the 30 wt% MWCNT/V2O5 free-standing electrode can tolerate harsh
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charge/discharge rates. The good rate capability and cyclability of this electrode can
be attributed to the fully reversible phase transition of α-V2O5 through to δ-LiV2O5,
good lithium diffusion in V2O5, and increased electronic conductivity and electrolyte
diffusion from the incorporated MWCNT web.

Figure 8.5 (a) Rate capability test of the 30 wt% MWCNT/V2O5 free-standing
electrode; (b) cycling performance of the 30 wt% MWCNT/V2O5 free-standing
electrode at 1.7 C; inset shows the voltage profiles of the charge/discharge cycles at
0.17 C and 1.7 C .
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8.5

Conclusions

In summary, flexible and free-standing V2O5 films have been prepared by a simple
membrane filtration technique from ultra-long nanowires. Multiwalled carbon
nanotubes were added to the free-standing electrode to increase the active surface
area and electronic conductivity. The V2O5/MWCNT composite electrode
demonstrates good electrochemical performance, making it a potential cathode in
conventional and flexible lithium-ion batteries.
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9 GRAPHENE-HYDRATED VANADIUM PENTOXIDE XEROGEL
COMPOSITE CATHODES FOR LITHIUM-ION BATTERIES
9.1

Introduction

Energy is one of the most urgent problems that human society has had to face since
we entered the 21st century. The shortage of fossil fuels and the increasing price of
petroleum require the usage of clean renewable energy at a much higher level than
that presently in force. Moreover, not only does the burning of fossil fuels cause
environmental problems, such as pollution and global warming, but the dependence
on foreign oil also creates national vulnerabilities and endangers social stability. [1]
Although the safety and radioactivity of nuclear power has triggered mounting fears
worldwide recently, nuclear is a clean and efficient energy source, along with the
renewables: solar, wind, wave energy, etc. Such renewable energy sources require
storage systems, however, and the most versatile way to store energy is as chemical
energy. The lithium-ion battery, as one of the most promising chemical energy
storage devices, serves as the energy source for many electronic devices and has
gained great success as a portable power source in the past two decades. It is also
going to be used extensively in electric vehicles (EVs) and hybrid electric vehicles
(HEVs), which will help to alleviate environmental pollution. [2-4]

As one of the cathode candidates for lithium-ion batteries, the layer/quasi-layer
structured vanadium oxides have been investigated for a long time as a host for Li+
intercalation. [5-18] Among all the vanadium oxides phases, the amorphous,
hydrated form of vanadium pentoxide (V2O5·nH2O) has a higher intercalation
capacity than the crystalline form. The insertion of 2Li+/V2O5 corresponds to a
stoichiometric energy density of 730 Wh kg-1. [19] It was reported that V2O5
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xerogels can react with 4 Li+ per mole of V2O5, and insertion of up to 5.8 Li+ was
reported for aerogels, corresponding to capacities of 560 and 650 mAh g-1, which are
much higher than those of LiFePO4 and LiMn2O4 cathodes. [20-21] V2O5·nH2O
xerogels can be also easily deposited as thin films to prepare miniature cell
electrodes. [22-23] The reactivity of xerogels varies with synthesis conditions,
however, and the electrochemical performance of V2O5 is limited by its moderate
electrical conductivity and low Li+ diffusion coefficient, while the cyclability of
V2O5 is limited by vanadium dissolution. [19] Therefore, carbon has been introduced
as a composite component to enhance the electrochemical performance, [24-28] i.e.,
the carbon increases electrical conductivity and prevents the vanadium dissolution,
while the nanostructure shortens the Li+ diffusion length.

Recently, graphene has attracted a great deal of research attention in a wide range of
applications. It has also been widely investigated as anode for lithium batteries or as
an important component in composites for electrode materials. [29-33] Graphene
could be an ideal carbon source to prepare V2O5 composites. Moreover, V2O5·nH2O
xerogel ribbons always show two-dimensional (2D) thin layer morphology similar to
that of graphene, and therefore, by combining V2O5·nH2O and graphene, a unique
composite is expected from the stacking of the two components. To the best of our
knowledge, there has not been any previous publication on this unique composite
material. In this work, composites with different ratios of V2O5·nH2O to graphene
were prepared. The composites were tested as cathode materials for lithium-ion
batteries. The amount of graphene in the composites plays an important role in their
structure, morphology, and electrochemical properties.
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9.2

Experimental Methods

The V2O5·nH2O gel was prepared by the hydrothermal method, similar to the
procedure reported by T. Zhai et al., [34] but a lower temperature was used in this
experiment. In a typical synthesis, 0.364 g V2O5 powder was added to 30 mL deionised water and mixed under vigorous magnetic stirring, and then 5 mL 30% H2O2
was added to the solution, which was left to stir for another 30 min. Finally, 12 mL
of the transparent orange solution was transferred to a Teflon-lined autoclave and
kept at 190 oC for 2 days.

Graphene oxide was prepared using a modified Hummers’ method as described
elsewhere. [35] The powders were dispersed in de-ionised water to form a 1 mg mL-1
solution by probe sonication. A weighed amount of NaBH4 (9.46 g) was added to
500 mL of the graphene oxide solution and was left to stir at room temperature for 24
h. The colour of the solution changed from dark brown to black. The reduced
solution was then centrifuged and washed several times with de-ionised water, and
re-dispersed in 500 mL de-ionised water to form a 0.77 mg mL-1 reduced graphene
suspension.

The graphene–V2O5·nH2O composites were prepared by mixing the hydrothermally
treated V2O5·nH2O solution and the graphene suspension in the desired ratio by a
short stirring and filtration using an anodic aluminium oxide membrane with 0.2 μm
pore size (Whatman). The samples were then dried at different temperatures.

The structure and morphology of the as-prepared samples were characterized by Xray diffraction (XRD; MMA GBC, Cu Kα radiation), field emission scanning
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electron microscopy (FESEM; JEOL-7500, 2 keV), transmission electron
microscopy (TEM; JEOL-2010, 200 keV), thermogravimetric analysis (TGA; TA
2000 Thermoanalyzer), and Raman spectroscopy (Jobin Yvon HR800).

The electrochemical tests were carried out via CR2032 coin type cells. The working
electrodes were prepared by mixing the as-prepared graphene-V2O5 composites,
carbon black (Super P, MMM, Belgium), and poly (vinyl difluoride) (PVDF) at a
weight ratio of 8:1:1, except for the bare V2O5·nH2O sample where there was a ratio
of 7:2:1. The resultant slurry was pasted on Al foil and dried in a vacuum oven at 80
o

C for 8 h. Coin cells were assembled in an argon-filled glove box (Mbraun, Unilab,

Germany) by stacking a porous polypropylene separator containing liquid electrolyte
between the composite electrode and a lithium foil counter electrode. The electrolyte
consisted of a solution of 1 M LiPF6 in ethylene carbonate (EC)/ dimethyl carbonate
(DMC) (1:1, by volume). Cyclic voltammograms were collected on a VMP-3
electrochemical workstation at a scan rate of 0.1 mV s-1. The discharge and charge
measurements were conducted on a Land CT2001A battery tester.

193

9.3

Materials Characterization

Three composites with nominal graphene weight of 10% (composite 1), 20%
(composite 2), and 30% (composite 3) were prepared. The samples were dried at 50
o

C under vacuum, and the X-ray diffraction patterns are displayed in Figure 9.1. The

XRD pattern of the as-prepared V2O5·nH2O xerogel only shows a set of 00l
reflection peaks, which are consistent with layer structured hydrated V2O5 (JCPDS
No. 40-1296), revealing that the vanadium oxide is oriented in the ab-plane when
filtered to form a paper-like membrane. The three graphene-V2O5·nH2O composites
show almost the same patterns, however, lower V2O5 peak intensities can be
observed when the amount of graphene increases in the composites. The (001)
reflection of the graphene-V2O5·nH2O composites shifts to a higher 2θ value
compared to that of the bare V2O5·nH2O xerogel, indicating a smaller interlayer d
spacing of the V2O5 layers in the composites, as listed in Table 9.1.

Figure 9.1 X-ray diffraction patterns of (a) as-prepared V2O5·nH2O xerogel and (b)
graphene-V2O5·nH2O composites dried at 50 oC under vacuum.
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Table 9.1 Interlayer spacing of samples calculated from XRD (001) peak.
d = nλ/2sinθ

Samples dried at 50 oC

Samples dried at 200 oC

2θ

d (Å)

2θ

d (Å)

Composite 1

8.25

10.736

8.25

10.736

Composite 2

8.3

10.672

8.35

10.608

Composite 3

8.35

10.608

10.05

8.828

V2O5·nH2O

6.2

14.265

6.85

12.917

Figure 9.2 shows the thermogravimetric analysis (TGA) curves for the V2O5·nH2O
xerogel and the graphene-V2O5·nH2O composites. The weight change profile of
V2O5·nH2O xerogel is characterized by a steep loss before 80 oC, followed by a
gradual weight loss until 210 oC, corresponding to the loss of weakly bound water,
producing a xerogel with the composition of V2O5·0.7H2O. After that, a steep weight
loss can be observed on further heating to 280 oC, producing V2O5·0.1H2O by
removing more bound water. Heating to above 350 oC removes the tightly bounded
chemical water and induces conversion to orthorhombic vanadium pentoxide.
Although the TGA curve of the as synthesized V2O5·nH2O xerogel shows similarities
to the previously reported V2O5·nH2O xerogels, [36-37] which were prepared via
different procedures, the profile for the loss of the weakly and chemically bound
water from V2O5·nH2O is slightly different. For the graphene-V2O5·nH2O
composites, the profiles only exhibit gradual weight loss before 350 or 400 oC,
followed by a steep loss up to 500 or 550 oC, which is due to the graphene burn-off
in the composites.
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Figure 9.2 TGA curves: (a) bare V2O5·nH2O and (b) graphene-V2O5·nH2O
composites.
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For lithium-ion battery tests, the samples may suffer poor electrochemical
performance due to the crystal water in V2O5·nH2O, and therefore higher
temperature heat treatments were applied to further remove the crystal water
according to the TGA profiles. The details are given in Table 9.1. All the samples
were dried at 200 oC under ambient atmosphere for 20 h. The XRD patterns of the
samples dried at 200 oC are shown in Figure 9.3. The V2O5·nH2O xerogel treated at
200 oC shows all the layered hydrated V2O5 00l reflections, revealing that the layer
structure is still maintained. Two additional peaks appear at about 21o and 43o,
however, corresponding to the (001) and (002) reflections of orthorhombic
crystalline V2O5 (JCPDS No. 41-1426), indicating phase transformation due to
crystal water loss. The XRD patterns of the graphene-V2O5·nH2O composites show
only layered hydrated V2O5 00l reflections, except for Composite 3, which shows a
broad peak between 20o and 30o, corresponding to graphene (which may be due to
the higher amount of graphene in Composite 3 compared to the other two
composites). The absence of the orthorhombic V2O5 peaks suggests that phase
transformation does not occur at this temperature in composite samples, revealing the
enhancement of thermal stability for layer-structured V2O5·nH2O when it is affixed
to graphene sheets.

Compared to the XRD patterns of samples dried at 50 oC, the peak positions of the
composites obviously shift to higher angle with increasing graphene ratio. The
structure of V2O5·nH2O xerogel was investigated via the atomic pair distribution
function technique, [38] proving that it is a stack of slabs which are bilayers of single
V2O5 layers. These consist of square pyramidal VO2 units, and water molecules are
located in the space between the slabs, so the interlayer spacing is relevant to the
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amount of crystal water. The interlayer spacing, d, of the samples was calculated
from the angle of the (001) reflection peak in the XRD patterns and is listed in Table
9.1. The smallest interlayer spacing for Composite 3 reveals the least amount of
crystal water, and the much broadened peaks indicate much smaller crystallinity
from the Scherrer equation calculation. Note that the XRD pattern for Composite 2,
when dried at 300 oC for 2 h, shows almost the same pattern as when dried at 200 oC,
except that the peak intensities increase, which means that the crystals are larger
(Figure 9.4).

Figure 9.3 X-ray diffraction patterns of samples dried at 200oC: (a) V2O5·nH2O
xerogel and (b) graphene-V2O5·nH2O composites.
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Figure 9.4 XRD pattern of Composite 2 dried at 300 oC for 2 h.

FESEM images of the as-prepared graphene, the V2O5·nH2O xerogel, and the three
composites dried at 50oC are shown in Figure 9.5. The as-prepared graphene sheets
form a flower-like morphology and are crumpled to a curly and wavy shape. The
V2O5·nH2O xerogel sample shows a smooth surface when filtered to form a paperlike film, while the three composites also show similar morphology to the graphene
sheets. The high resolution image of Composite 1 in Figure 9.5(d) clearly exhibits
V2O5·nH2O ribbons with widths of about 100 nm located on the surface of the
graphene. The FESEM images of the composites dried at 200oC were also
investigated and show similar morphology, but the V2O5·nH2O xerogel image shows
small cracks because of the crystal water loss (Figure 9.6).
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Figure 9.5 FESEM images of samples dried at 50oC under vacuum: (a) graphene, (b)
V2O5·nH2O xerogel, (c) Composite 1, (d) high resolution image of Composite 1, (e)
Composite 2, and (f) Composite 3.
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Figure 9.6 FESEM images of samples dried at 200oC: (a) V2O5·nH2O xerogel, (b)
Composite 1, (c) Composite 2, and (d) Composite 3.

TEM images of the as-prepared V2O5·nH2O are shown in Figure 9.7(a) and (b). The
lower magnification image indicates that the V2O5·nH2O sample has a graphene-like
thin-layer ribbon morphology, with a ribbon width of about 100 nm. In the high
resolution image, poorly developed fringes can be observed in some areas, indicating
that the structural state varies between good crystalline and absolutely amorphous.
The TEM images together with the XRD patterns well explain the long-range
ordered and local structurally disordered nature of V2O5·nH2O. An image of
Composite 2 dried at 50 oC is shown as Fig. 9.5(c). It can be clearly seen that the
V2O5·nH2O ribbons are located on the surface of the graphene sheets. The energy
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dispersive X-ray spectroscopy (EDS) spectrum confirms the presence of carbon and
vanadium. The Raman spectra for the carbon D and G bands of the pure graphene,
Composite 2 treated at 50 oC, and the three composites heat-treated at 200oC are
shown in Figure 9.8. All the samples show the same D band position at about 1340
cm-1 and the G band at about 1607cm-1, while the intensity ratio ID/IG shows a similar
value of about 1.26.

Figure 9.7 Typical TEM images of the as-prepared V2O5·nH2O (a, b), and a
graphene-V2O5·nH2O composite (c); the inset to (c) shows the corresponding EDS
spectrum.
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Figure 9.8 Raman spectra of the pure graphene, Composite 2 dried at 50oC, and the
three composites dried at 200 oC.
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9.4

Electrochemical Characterization

Figure 9.9 Cyclic voltammograms of (a) V2O5·nH2O xerogel, (b) Composite 1, (c)
Composite 2, and (d) Composite 3 at a scan rate of 0.1 mV s-1.

Figure 9.9 compares the cyclic voltammograms of the V2O5·nH2O xerogel sample
and the three graphene-V2O5·nH2O composites, which were dried at 200oC and
cycled between 1.5 and 4 V vs. Li+/Li at a scan rate of 0.1 mV s-1. The V2O5·nH2O
xerogel sample shows no obvious reaction peaks in its cyclic voltammogram,
especially after the first discharge. Composite 1 shows similar curves to the bare
V2O5·nH2O sample. This is probably due to the large amount of crystal water in the
sample, which could cause the decomposition of LiPF6 in the electrolyte. In addition,
the lithium may also react with the interlayer water to form Li2O, [39] which could
prevent reversible extraction and block the intercalation pathways. The redox peaks
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of Composite 2 are located at about 3.76, 2.79, and 2.41 V for the cathodic process
and at about 2.8, 3.17, and 2.82 V for the anodic process. The voltage difference
between the redox peaks of Composite 2 increases with cycling, indicating that the
polarization increases with cycling. Meanwhile, the peak intensity decreases with
cycling. As for Composite 3, the cathodic peaks at about 3.72, 2.72, and 2.38 V and
the anodic peaks at about 2.82, 3.2, and 3.85 V are slightly different from those of
Composite 2, and the reversibility is much better. The lower potential difference
between anodic and cathodic peaks and the higher cyclability are due to the higher
amount of graphene in the composite, which significantly improves the conductivity
of the electrodes. Notably, the peak intensity increases for the first 5 cycles,
revealing that there is an activation process for lithium intercalation/de-intercalation.
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Figure 9.10 Galvanostatic charge-discharge curves (voltage profiles) of Composite 2
at the (a) 1st cycle and (b) 10th cycle.

In order to fully understand the electrochemical behaviour of the grapheneV2O5·nH2O composite cathodes, the electrodes were charged/discharged in different
voltage windows. Typical galvanostatic charge-discharge curves of Composite 2 in
different voltage ranges are displayed in Figure 9.10. The voltage decreases
gradually with capacity, and there is a slope located at around 2.5 V in the discharge
process, corresponding to the peak at about 2.41 V in Figure 9.9(c). This discharge
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profile is different from the galvanostatic charge-discharge curves of strongly
crystalline V2O5, in which moderate flat plateaus are always exhibited. Comparing
the galvanostatic curves for the 1st cycle (Figure 9.10(a)) and the 10th cycle (Figure
9.10(b)), no irreversible phase change can be observed when cycling down to 1.5 V
vs. Li+/Li in such V2O5·nH2O xerogel samples. All the discharge curves show similar
profiles, and the capacity is higher when the electrode is discharged to lower voltage,
with a capacity of 141 mAh g-1, 227 mAh g-1, and 299 mAh g-1 in the voltage ranges
of 2.5 – 4 V, 2 – 4 V, and 1.5 – 4 V, respectively. Figure 9.11(a) compares the
cycling performance of Composite 2 in different voltage ranges. In the wide voltage
range of 1.5 – 4 V, the discharge capacity drops significantly for the first 20 cycles
and then remains stable, with capacity of about 180 mAh g-1 up to 50 cycles. When
cycled between 2 – 4 V, the discharge capacity shows a moderate decrease, with a
capacity of 156 mAh g-1 for the 50th cycle. On further narrowing down the voltage
range to 2.5 – 4 V, the composite cathode shows the best capacity retention, with a
capacity of 122 mAh g-1 for the 50th cycle, which is 86% of the capacity of the first
cycle. Figure 9.11(b) and (c) compares the cyclability of the V2O5·nH2O xerogel and
the three composites up to 50 cycles in the voltage range of 1.5 – 4 V and 2 – 4 V,
respectively, at a current density of 30 mA g-1, based on the weight of the whole
sample. The V2O5·nH2O xerogel sample shows almost no capacity, and Composite 1
shows very low reversible capacity. Composite 1, however, shows a high discharge
capacity of 178 mAh g-1 and 156 mAh g-1 for the first cycle in both voltage ranges,
respectively. The cycling performances are consistent with the cyclic voltammogram
curves in Figure 9.9(a) and (b). It is believed that these results are related to the
higher amount of crystal water in both samples. Composites 2 and 3, in the wide
reversible composition range for lithium intercalation, exhibit the ability to sustain
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repeated deep cycling, especially Composite 3, which shows high capacity retention
even in the voltage range of 1.5 – 4 V, exhibiting a high discharge capacity of 239
mAh g-1 and maintaining 190 mAh g-1 at the 50th cycle. When Composite 3 is cycled
in both voltage ranges, there is an activation process with a slight increase in the
discharge capacity for the first few cycles. In the voltage range of 2 – 4 V, it delivers
very stable cycling performance, with discharge capacity of about 160 mAh g-1 for
all the cycles. Note that graphene is not electrochemically active in such high voltage
ranges and that the capacities were calculated only based on the weight of V2O5 in
the electrodes. (From the TGA analysis results, the content of graphene in the three
composites dried at 200oC is 7.2 wt%, 17.8 wt%, and 39.6 wt%, respectively.) The
lower initial capacities for Composite 3 may be due to the smaller interlayer spacing,
so that the host material showed a lower acceptance level of Li+, which induced
lower discharge capacity.
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Figure 9.11 Electrochemical performance: (a) cycling performance of Composite 2
when cycled in different voltage ranges, (b) cycling performance of samples in the
voltage range of 1.5 - 4 V, and (c) cycling performance of samples in the voltage
range of 2 - 4 V.
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The improved electrochemical performance of the graphene-V2O5·nH2O composites
could be attributed to the presence of graphene, the effects of which may have arisen
from the following aspects: (1) Structure stability. Most investigations have reported
the electrochemical behaviour of V2O5·nH2O xerogel in contact with LiClO4propylene electrolyte, but the residual water might still limit the rechargeability. [19]
LiPF6 has poorer hydrolytic stability compared to LiClO4, so the normal commercial
electrolyte with LiPF6 as solute might also be one of the reasons for the poor
cyclability when the crystal water level is high. The V2O5·nH2O in composites could
maintain its layered structure with a smaller amount of crystal water, thus reducing
the side effects. The thermal stability was also enhanced, which was attributed to the
presence of graphene. (2) Conductivity. The presence of graphene sheets could
enhance the conductivity, resulting in smaller polarization, which is clearly indicated
in the cyclic voltammograms. (3) Buffering of strain. In the wide voltage range for
Li+ intercalation, V2O5·nH2O shows one phase reaction where Li+ enters the
interlayer. When the guest species intercalate into or are extracted from the xerogel,
this distance expands or contracts correspondingly, [6] so the active material suffers
mechanical strain after intercalation of guest ions. In the composites, thin layers of
V2O5·nH2O were affixed to the graphene sheets, and the graphene sheets could
effectively buffer the strain from the volume changes during guest ion
intercalation/de-intercalation.
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9.5

Conclusions

In summary, graphene-V2O5·nH2O composites with different amounts of graphene
were prepared by mixing and filtration of hydrothermally treated V2O5·nH2O xerogel
and graphene. The graphene content in the composites plays an important role in the
structure, morphology, and electrochemical performance. The composite with 39.6%
graphene exhibited outstanding performance for lithium-ion batteries, providing a
high discharge capacity and stable cycling stability up to 50 cycles. Moreover, the
easy formation of the thin film or paper makes the composites described in this
chapter attractive for potential application in miniature cells or flexible devices.
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10 CONCLUSIONS AND OUTLOOK
This thesis investigates alternative electrode materials for lithium-ion batteries, with
an emphasis on high capacity candidate materials such as germanium, germanium
oxide, tin-antimony alloy, molybdenum dioxide, and vanadium pentoxide. The
candidate materials were synthesized in nanostructured form using facile, scalable,
and low-cost methods. Composites of the electrode materials with several carbon
allotropes were also investigated, such as partially graphitic carbon in
germanium/carbon composite, graphene with tin-antimony alloy, and multiwalled
carbon

nanotubes

with

vanadium

pentoxide

nanowires.

The

as-prepared

nanostructures showed improved electrochemical lithium storage performance due to
the effects of increased surface area for the lithium reactions, shortened electronic
and lithium diffusion pathways, and the improved stability of the nanomaterials
against pulverisation.

A facile method based on GeCl4 as the precursor was used to synthesize GeO2
particles, in which the size can be controlled through the hydrolysis conditions. With
the GeO2 in the form of nanoparticles (< 100 nm), they could self-assemble into
clusters during the simultaneous carbon coating and thermal reduction process. The
germanium nanoparticles could be found inside the carbon shells, which are also
interconnected to form the large clusters. The hollow carbon shells provide buffering
for volume expansion of the germanium during the lithium reaction. In addition, this
unique nanostructure provides good electrolyte diffusion in the pores and good
electronic conductivity through the interconnected network of carbon shells. Hence,
the clustered Ge/C showed high capacity and high rate performance as anode for the
lithium-ion battery. On the other hand, when the GeO2 was partially reduced, using a
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lower reaction temperature and shorter time, while keeping the other conditions
similar to those for the synthesis of clustered Ge/C, GeO2/Ge/C nanocomposite was
formed. This composite retained the same clustered structure as the Ge/C, however,
the capacity of the material was increased. This is due to the conversion reaction of
the GeO2 in the GeO2/Ge/C composite. Through ex situ X-ray photoelectron
spectroscopy and comparison of the electrochemical behaviour of bulk GeO2,
nanosized GeO2, clustered GeO2/C, and GeO2/Ge/C, it was found that nanosized
particles were essential for the conversion reaction. The carbon coating and the
elemental germanium present in GeO2/Ge/C improve the cycling stability and rate
capability of the composite material.

The effects of graphene, a new type of carbon allotrope, on the performance of
lithium-ion

battery electrode

materials

were

investigated.

Composites

of

SnSb/graphene were synthesized using an in situ chemical reduction method. The
SnSb nanoparticles were found to be anchored on the graphene sheets. The
electrochemical performance of the SnSb/graphene composite was compared to those
of SnSb nanoparticles and SnSb nanoparticles mechanically mixed with graphene
nanosheets. The SnSb/graphene composite showed superior performance in capacity
retention, cycling stability, and rate performance. This is due to the 3-dimensional
porous structure of the SnSb/graphene, where the porous and corrugated graphene
sheets provide buffering on the macrodomain, while the bimetallic SnSb alloy acts as
a co-buffer on the local domain. In addition, the effects of the graphene content in the
composite on the morphology and electrochemical performance were investigated in
a series of MoO2/graphene composites. In this study, it was found that with higher
graphene content in the composite, a 2-dimensional sheet-like morphology is formed,
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with nanoparticles (< 3 nm) of MoO2 anchored on the surface. When the graphene
content is lower, aggregates of particles were observed. The MoO2/graphene
composite with the highest graphene content shows the best capacity retention at
higher rates, while the MoO2/graphene composite with the lowest graphene content
shows the highest capacity. Regardless of the graphene content, all the
MoO2/graphene composites showed improved cycling stability compared to MoO2
nanoparticles.

Vanadium pentoxide was studied as an alternative cathode material for lithium-ion
batteries due to its higher theoretical capacity and lithium diffusion coefficient
compared to lithium cobalt oxide. The hydrothermal method was used to synthesize
vanadium pentoxide nanostructures because of its low cost and simplicity.
Nanowires were formed at higher temperature, while nanoribbons were formed at a
lower reaction temperature, both using the same precursors. Multiwalled carbon
nanotubes were added to the V2O5 nanowires in solution in different ratios, and the
solution was then vacuum-filtered to form a flexible free-standing electrode. On the
other hand, V2O5 nanoribbons were mixed with graphene to form V2O5/graphene
composites, using the same vacuum filtration method. Both of the V2O5 composites
showed improved electrochemical performance compared to those reported in the
literature. In addition, they could be of potential use for flexible batteries, and the
free-standing design could possibly reduce the weight of batteries, as no current
collector would be required.

In this doctoral work, it has been shown that high capacity alternative electrode
materials could be synthesized using simple, scalable, and low-cost methods. These
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synthetic methods could be applied to other potential electrode materials. In addition,
nanostructured materials with morphologies that are beneficial towards lithium
storage can be synthesized in a carefully controlled way using the demonstrated
methods. The addition of carbon allotropes into the electrode materials also proved to
be effective in enhancing the electrochemical properties, mainly due to the excellent
electronic conductivity of carbon. Nevertheless, the negative effects brought about
by the nanostructures need to be addressed, especially the increased secondary
electrolyte decomposition and the lower packing density of the nanomaterials.
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